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Chapter 1 
 
Introduction 
 
 
 
 
 
 
 
 
  
 
 
Part of this chapter has been published as: 
 
Ibrahim N, Parsa A, Hassan B, van der Stelt P, Wismeijer D. Diagnostic imaging of 
trabecular bone microstructure for oral implants: a literature review. 
Dentomaxillofacial Radiology 2013; 42: 20120075. 
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Current and future trends of CBCT in implant dentistry  
 
Presurgical radiographic assessment is essential in planning dental implant treatment
1
 
and dental implant thread design.
2
 Currently, the role of cone beam CT (CBCT) for 
dental implant treatment is gradually increasing due to the wide accessibility and the 
advantages obtained from these systems.
3,4
 CBCT assessments, however, are 
generally focused on bone density
5,6
 and linear bone measurement.
7
 Structural 
properties of bone are much less involved in CBCT evaluations. 
 
The structural properties of trabecular bone are amongst the significant determinants 
for bone strength.  The assessment of trabecular bone structures is recommended 
when predicting an implant success
8,9
  owing to its significant role in the healing and 
osseointegration process at the implant-bone surface.
10
 However, studies on trabecular 
microstructure assessment using CBCT are scarce because of the low scanning 
resolution
11
 of the earlier generation of CBCT devices.  
 
The latest CBCT equipment with a resolution of 80µm may probably serve as a 3D 
imaging modality for the clinical assessment of the anisotropic trabecular 
microstructures.
12
 Subsequently, this chapter reviews the imaging modalities for 
trabecular bone microstructure in oral implants and the potential of CBCT for 
microstructural assessments. 
 
Diagnostic imaging of trabecular bone microstructure for oral implants 
 
The term ‘bone quality’ has been extensively used in the literature to describe 
different aspects of bone characteristics with variable definitions depending on the 
utilized context.  Among inseparable factors that influence bone quality is the 
trabecular bone.
13-16
 The trabeculae or ‘trabecular’ is the primary anatomical and 
functional unit of cancellous bone. Cortical bone helps to attain primary implant 
stability, but the role of cancellous bone is also remarkable. This is because 
cancellous bone has a higher bone turnover rate than cortical bone
17
 and has a direct 
contact with majority of the implant surface.
8
 Accordingly, it influences the healing 
and osseointegration process at the implant-bone surface.
10
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Bone strength has a significant role in determining implant success. To improve 
prediction of bone strength, the measurements of trabecular density and trabecular 
microstructure should be combined.
18 
This is because those measurements do not 
always denote each other. For instance, a high bone density does not always 
correspond to high trabecular parameters such as trabecular number (Tb.N) and 
trabecular thickness (Tb.Th).
19
  Therefore, estimating implant success by assessing 
the trabecular density alone is no longer suggested.
9
 
 
Precise clinical assessment of bone structural and mechanical properties is essential in 
planning dental implant treatment and implant thread design.
2
 The task can be 
performed on two-dimensional (2D) plain radiographs (e.g. intra oral radiograph) by 
calculating fractal dimensions of the trabecular bone.
20 
In three-dimensional (3D) 
imaging modalities (e.g. HR-pQCT) the high resolution images are analyzed using 
dedicated imaging software (e.g. CT Analyser [CTAn]; Skyscan®, Kontich, 
Belgium). Computational techniques such as finite element methods (FEM)
21,22 
are 
also utilized in analyzing 3D images to simulate the status of implant surface and the 
bone adjacent to the implant.
2
 
 
To date, bone quality assessments in oral implant studies have largely focused on 
trabecular bone density.
5,23-25 
What follows is a review of the imaging techniques used 
in oral implant studies for assessing the trabecular microstructures as evidenced in the 
literature. Articles reported on trabecular microstructural imaging methods were 
searched in PubMed electronic database. Titles and abstracts of the related articles 
were reviewed base on keywords that had initially been set as inclusion criteria: bone 
quality, imaging, trabecular microstructure, cone beam CT and dental or oral implant. 
 
1. Dental Radiographs 
 
Periapical (PA) and panoramic (OPG) radiographs are the first-choice diagnostic 
clinical instruments in dentistry. PA radiographs with superior resolution and 
sharpness provide valuable information for evaluating the amount and pattern of 
trabecular bone structure.
26,27 
Trabecular visibility was reported to be high on PA 
radiographs,
 28
 thus enhancing its potential in trabecular imaging studies.
29-34 
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Bone classification systems are used to study bone quality on PA images. Of the 
Lekholm & Zarb, Trisi & Rao and Misch systems, the first is largely adopted in oral 
implant studies on trabecular bone assessment.
29-32
 A visual index was proposed in 
1996 to simplify trabecular classification on PA radiographs.
30
 This index categorizes 
trabecular pattern according to the intertrabecular spaces (small or large) and degree 
of trabeculation (sparse or dense).
32-34 
However, these subjective techniques remain 
partially validated.
29 
On the other hand, panoramic radiographs have also been used to 
assess trabecular structure.
35-36
  However, the technique applies the rotational 
principles that structures not centered in the focal trough are not sharply imaged. The 
formation of geometrical distortion, magnification and loss of information are thus 
commonly observed artifacts on panoramic radiographs. Moreover, the reduced 
resolution of panoramic images degrades its ability in identifying fine trabeculae.
37
 
Therefore, its applications in trabecular assessments are less favorable than PA 
radiographs.
34
 
 
 
Undeniably, utilizing dental radiographs for assessing trabecular microstructure is a 
rapid, relatively safe and convenient method to apply in the jaws. Although the nature 
of the 2D image could never provide information in the bucco-lingual direction,
38
 
dental radiographs are still largely employed in many countries for pre implant 
assessment due to availability and cost. 
39
  
 
The complex shapes and structure of trabecular bone can be calculated by performing 
fractal dimension (FD) analysis on 2D images such as periapical and panoramic 
radiographs.
37 
Current studies on 2D FD analysis of trabecular microarchitecture 
parameters (porosity, connectivity and anisotropy) are reported to be adequately 
comparable to that of 3D FD method.
40   
FD analyses and calculations of trabecular 
structures require several complex steps.
32 
Nowadays, the FD applications are 
simplified by using personal computers and a simple JAVA software (Oracle®, Los 
Angeles, CA). However, the overall reproducibility of the projection techniques 
remains as contentious issue that requires further investigations.
41 
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2. Magnetic Resonance Imaging (MRI) 
 
MRI is a non-invasive, non-ionizing system which applies high magnetic fields, 
transmission of radiofrequency waves and detection of radiofrequency signals from 
excited hydrogen protons. Trabecular bone is filled with bone marrow that contains 
free protons and generates a strong MR signal.
42,43
 Fat and water protons in the 
marrow tissue are depicted as negative image. Because trabecular structure can not 
directly be visualized, this technique employs image processing to invert the negative 
image.
44,45
 Using this technique, values for implant loading and bone healing time at 
trabecular alveolar bone were proposed to improve implant success.
46 
Despite 
improving the trabecular structure assessment, the quality of the acquired MR images 
is largely influenced by the field strength, pulse sequence, echo time, and signal to 
noise ratio (SNR). Additionally, the measurements are affected by the selected 
threshold values, image processing algorithms, complex analysis and interpretation of 
the images.
46-48
 Moreover, the availability and accessibility of MRI machines for the 
dental practitioners remains limited.
 
 
3. Computed Tomography (CT) 
 
Computed tomography techniques are being progressively developed to meet the 
clinical needs in assessing bone microstructure. Structural analysis of trabecular bone 
requires scanners with contiguous isotropic pixel resolution of less than 300μm.49 
High resolution CT systems that are commonly employed for trabecular 
microstructural assessment in oral implant studies are discussed below. 
 
3.1 Multi Detector Computed Tomography (MDCT) 
 
The latest generation of MDCT system has improved its resolution to 150-300μm in 
plane and 300-500μm in slice thickness.50 Trabecular microstructure parameters such 
as trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular separation 
(Tb.Sp) were measured using MDCT and compared to high-resolution peripheral 
quantitative CT (HR-pQCT).
49
 Although the resolution is still beyond trabecular 
dimensions (50-200µm), the measurements from both techniques were highly 
correlated. In a human cadaver study, trabecular microstructure parameters were 
15 
 
compared among MDCT and micro-CT and micro-CT FE modelling.
51
 The study 
concluded that trabecular bone structure assessment using MDCT is overall feasible, 
although still limited by its spatial resolution. These studies were conducted using a 
high-resolution mode, which is not routinely used in clinical settings protocols.
49-50
 
Consequently, although MDCT is largely employed in oral implant studies, its 
applicability remains mostly confined to bone density measurements.
 52-54
   
 
3.2 High-resolution peripheral Quantitative Computed Tomography (HR-
pQCT) 
 
With a spatial resolution of 82μm, this device is used for trabecular microstructural 
imaging. The measurements of microstructural parameters are reported to be 
comparable with that of micro-CT (voxel size of 25μm).55 The technology has a 
higher spatial resolution than MDCT; however, scanning sites are limited to 
peripheral skeletal region (e.g. wrist and tibia) and accessibility is currently limited.
50
 
Unlike MRI technique, microstructural assessment using high-resolution CT permits 
direct visualization of the trabecular bone. However, the later technique involves a 
relatively high radiation dose which is beyond the recommended clinical setting.
45
 
Moreover, the results are also affected by the selected threshold, image analysis and 
processing techniques.
56
 Thus, its application in oral implant imaging studies remains 
restricted. 
 
3.3 Micro Computed Tomography (Micro-CT) 
 
Two-dimensional histomorphometric analysis was previously considered as the gold 
standard for assessing trabecular size, shape, connectivity and orientation.  As it is 
time consuming and costly, micro-CT is now routinely employed for structural 2D or 
3D evaluations of trabecular microstructure.
50,57 
This non-destructive high resolution 
(approaching 10µm) method depicts trabecular network in different gray levels 
according to its mineral content.
 
It has been reported that the trabecular parameters 
quantified by micro-CT are comparable to the traditional 2D histomorphometric 
values.
42,43
 As it permits high resolution scans, in 2004 micro-CT has been 
recommended as a gold standard imaging for ex-vivo bone studies at implant sites.
57
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However, only studies with small jaw specimens were conducted to observe 
trabecular microstructure in oral implant research.
5,8,19,58
 
 
3.4 Cone beam computed tomography (CBCT) 
 
Cone beam computed tomography systems were developed in the1990s. In 2001, 
CBCT was introduced as a 3D imaging modality. Since then it has largely replaced 
both single- and multi- slice CT for diagnostic imaging in oral implants.
 59 
Owing to 
the wide availability of the machines, rapid scan and processing time, high resolution 
images and relatively reduced scan radiation dose and costs, the demand for CBCT 
images preceding implant placement has increased exponentially.
3,60-63 
Although 
many studies have been conducted on CBCT, the literature on its suitability in 
measuring trabecular bone microstructural parameters at oral implant site remains 
scarce. This may be due to the insufficient resolution of the past generations of CBCT 
systems to depict bone microstructure. The applications of CBCT in evaluating bone 
quality are still restricted on bone density assessment.
52-54
 Recently, however, a study 
on assessing bone microstructure described CBCT as a promising modality for 
analyzing trabecular bone.
63 
Bone parameters (Tb.Th, Tb.N and Tb.Sp) at mandibular 
condyle were also successfully evaluated by CBCT at a resolution of 125µm coupled 
with image processing.
64 
  
The visibility of small anatomical structures with CBCT is largely influenced by the 
field of view (FOV) and scan setting selection.
65
 Visibility of trabecular 
microstructure is mainly determined by the chosen voxel size and SNR plus image 
artifacts.
66
 In CBCT, voxel size and slice thickness, spatial and contrast resolutions 
vary with respect to machine type, FOV and scan settings. 
65,66
 Additionally, several 
image artifacts specific to CBCT technology could influence the effective system 
resolution, which could be lesser than the nominal system resolution expressed in 
voxel size alone.
 
It has been previously stated that the accuracy of 3D measurement of 
anisotropic trabecular structure can be improved by performing in-vivo rather than in-
vitro investigation.
16,18
 In this respect, the use of CBCT could prove appealing. As the 
need to evaluate the implant insertion sites prior to surgical placement has 
dramatically increased, CBCT should be validated as a non-invasive procedure for 
assessing bone microstructure.  
17 
 
 
 
Figure 1 Sagittal images of trabecular structure at the lingual foramen region derived 
from A: MDCT (650μm), B: CBCT (80μm) and C: Micro CT (35μm). 
 
Müller et al. has described that a CT scanner with a resolution up to 60μm can present 
morphometric information comparable to that of 10 μm.67 Using the latest CBCT 
system, the appearance of trabecular structure was observed using a 4x4cm FOV at a 
nominal resolution of 80µm. The resultant image was compared with images derived 
from MDCT and micro-CT (Figure 1). It is expected that this system could be useful 
in measuring trabecular microstructures. However, thorough investigation and 
validation are required prior to applying this technique in clinical practice.  
 
Although there is a rapid progress in advanced bone imaging modalities, their routine 
clinical employment remains limited due to the technical features, cost and complex 
procedures. The current review recommends studies to validate CBCT as a clinical 
imaging modality to evaluate trabecular microstructure at oral implant sites. 
 
Aims of the thesis:  
 
The primary aim of this thesis is to validate the applicability and accuracy of CBCT 
for trabecular bone microstructural assessments. Additionally, the consistency of 
structural analysis is assessed using various scanning protocols, different sites of the 
mandible and different locations of the object in the CBCT field FOV. Therefore, the 
current studies are conducted according to the following research questions:  
18 
 
 
1. What is the accuracy of CBCT trabecular bone microstructure measurements in 
comparison with µCT? 
2. What is the accuracy of CBCT trabecular bone density and bone volume fraction 
in comparison with MSCT and µCT? 
3. What is the effect of scan parameters (FOV, rotation steps and resolution) on 
CBCT trabecular bone microstructural measurements? 
4. What is the influence of the object location on CBCT trabecular bone 
microstructure measurements? 
5. What is the difference between CBCT and µCT in measuring trabecular bone 
microstructure at different sites of edentulous mandibles? 
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cone-beam CT datasets 
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Summary 
 
Objective: Cone-beam CT (CBCT) images are infrequently utilized for trabecular 
bone microstructural measurement due to the system's limited resolution. The aim of 
this study was to determine the accuracy of CBCT for measuring trabecular bone 
microstructure in comparison with micro CT (μCT).  
Materials and methods: Twenty-four human mandibular cadavers were scanned 
using a CBCT system (80μm) and a μCT system (35μm). Three bone microstructural 
parameters trabecular number (Tb.N), thickness (Tb.Th) and separation (Tb.Sp) were 
assessed using CTAn imaging software.  
Results: Intraclass correlation coefficients (ICC) showed a high intra-observer 
reliability (≥ 0.996) in all parameters for both systems. The Pearson correlation 
coefficients between the measurements of the two systems were for Tb.Th 0.82, for 
Tb.Sp 0.94 and for Tb.N 0.85 (all P's<0.001). The Bland and Altman plots showed 
strongest agreement in Tb.N (-0.37μm-1) followed by Tb.Th (1.6μm) and Tb.Sp 
(8.8μm).  
Conclusions: Cone-beam CT datasets can be used to evaluate trabecular bone 
microstructure at dental implant sites. The accuracy for measuring Tb.N was the best 
followed by Tb.Th and Tb.Sp. 
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Introduction 
 
The influence of bone quality on implant success is well acknowledged. Information of bone 
quality is best gained by combining bone mineral density (BMD) and trabecular structure 
assessments (Felsenberg & Boonen 2005).  Trabecular bone is the source of osteoblasts and 
osteoclasts which are largely responsible for the physiological changes which take place 
subsequent to implant placement (Minkin & Marinho 1999).
 
The role of trabecular 
microstructure in dental implants is significant since the implant is surrounded by trabecular 
bone which directly contributes to implant stability (Fanuscu & Chang 2004; Sakka & 
Coulthard 2009).
 
 
 
Radiographic information of the trabecular microstructure can be achieved by using high 
resolution imaging modalities that approach the trabecular dimensions (50-300μm). 
However, most of the utilized modalities have limitations in clinical practice. High resolution 
radiographic systems’ limitations rest on excessive radiation exposure to the patient (MDCT, 
HR-pQCT), complex image analysis (hr-MRI), restricted accessibility (MDCT, hr MRI) and 
limited scanning sites (HR-pQCT, µCT) (Genant et al. 2000; Issever et al. 2010).  
 
Since 2001, cone-beam CT (CBCT) has been used to provide three-dimensional images for 
diagnosis and treatment planning in dentistry (Hatcher 2010). It provides comparable images 
at reduced scan costs and dose. Additionally, CBCT systems are largely accessible to dental 
professionals and the scan time is relatively short (Patcas et al. 2012). Numerous CBCT 
studies were conducted using CBCT for dental implants. However, up to date the focus has 
mainly been on bone quantity (alveolar bone width and height) measurement accuracy, bone 
density, visibility of anatomical landmarks and virtual guided surgery (Quereshy et al. 2008; 
Tahmaseb et al. 2011). Recently, CBCT has been suggested as a modality for analysing 
trabecular microstructure at implant sites (Corpas et al. 2011; Ibrahim et al. 2012).
 
To the best 
of our knowledge, there has been no report validating the ability of this system in measuring 
trabecular bone microstructural parameters. Therefore, the aim of this study was to determine 
the accuracy of CBCT in trabecular bone microstructure measurement in comparison with 
µCT, after first assessing the intraobserver reliability.  
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Materials and methods 
 
Image acquisition 
 
Twenty-four human mandibular cadavers were obtained from the Department of Functional 
Anatomy. Approval was obtained from the department to use this material for research 
purposes. All cadavers were scanned using a CBCT system (3D Accuitomo 170, Morita, 
Japan). To obtain the highest spatial resolution possible of an isotropic 80µm, the smallest 
field of view (FOV), that is, 4x4cm with the high-resolution scan mode and 360º arm 
rotation, were the selected scan settings. Images were acquired at 90kv and 5.0mA. The 
cadavers were then scanned using a µCT system (SkyScan 1173, Kontich, Belgium). This 
system allows scanning of large size specimens (140mm in diameter, 200mm in height). 
Hence the mandibles were not sectioned into smaller sizes. To reduce any possible 
movements of the samples during scanning, the samples were fixed in a cylindrical shape of 
Styrofoam, fit and mounted into the holder before scanning. The resultant images were again 
checked for motion artifacts. The settings were set by the manufacturer operating at 130kVp, 
61mA with nominal isotropic resolution of 35µm.  
 
 
 
 
Figure 1: A mandible scanned using cone beam CT (CBCT) was cropped into a smaller 
block in Amira software. 
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Image processing 
 
The datasets from both systems were exported as DICOM 3 files and imported into image 
analysis software (Amira v4.1, Visage Imaging Inc., Carlsbad, CA). To select the exact 
region of interest (ROI) from both systems, the datasets were processed as follows. The three-
dimensional (3D) isosurfaces datasets from both µCT and CBCT were created and saved as 
STL files. Subsequently, the mandibles were cropped (confined) to the edentulous posterior 
region (Fig. 1). The z-axis of the CBCT images was flipped to match that of µCT because the 
scan orientation differs between the two systems. The isosurfaces were used to provide 
coordinates for matching the original volumes (voxel data) of both systems. The bone blocks 
were then manually superimposed on each other to provide maximum alignment (Fig. 2). The 
µCT was set as the reference standard while CBCT was considered as the experimental 
modality. For each matching set, a smaller ROI was selected confined in the vertical and 
horizontal slice directions to the cortical bone margins. For µCT ten and for CBCT five 
consecutive and contiguous slices were chosen for evaluation. Since µCT isotropic voxel size 
(35µm
3
) is approximately half of that for CBCT (80µm
3
), a double amount of slices was 
selected to ensure that the measurements are from the same region. The selected slices were 
exported as BMP images and imported into trabecular bone analysis software CTAn (v 1.11, 
SkyScan, Kontich, Belgium). Through histogram analysis, the images were thresholded and 
binarized (Fig. 3). The selected CBCT and micro CT image slices were then averaged to 
reduce the bias that may occurred during the manual registration procedure in Amira 
software. Twenty-four ROI were carefully matched and compared prior to the measurement 
process (Fig. 4). The regions disturbed by metal artifacts or cut off during the µCT scanning 
process were excluded. All measurements were performed by one trained observer twice for 
both systems independently with at least one week interval between the first and the second 
measurement to assess the observer’s bias.  
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Figure 2: A block of cropped 
CBCT image was manually 
transformed, superimposed 
and matched onto µCT to 
select the region of interest. 
(ROI). 
Figure 3: Binarized images of 
CBCT (a) and µCT (b). 
Figure 4: Trabecular bone 
microstructure parameters 
were measured and 
compared using CBCT (A) 
and µCT (B) datasets. 
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Statistical analysis  
 
The bone microstructural parameters that were considered for evaluations were the trabecular 
number (Tb.N), thickness (Tb.Th) and separation (Tb.Sp). The intraclass correlation 
coefficient (ICC) was used to determine the intraobserver reliability in measuring trabecular 
microstructure using CBCT and µCT. Paired t-tests were used to assess the difference in 
means between the two systems and the linear relation between both systems was assessed 
using the Pearson correlation coefficient (r). Finally a Bland-Altman plot was used to assess 
the accuracy of CBCT in measuring the microstructural parameters by plotting the difference 
between the measurements of CBCT and µCT against the means of those measurements (Fig. 
5).  
 
 
 
 
 
Figure 5: Bland-Altman plot of three bone microstructural parameters trabecular number 
(Tb.N), thickness (Tb.Th) and separation (Tb.Sp). Tb.Th (a), Tb.Sp (b) and Tb.N (c) 
measurements between CBCT and µCT. 
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Results 
 
The ICC’s revealed excellent intraobserver reliability for all parameters and both systems 
separately (Table 1). Therefore the first measurement was used for the following analyses. 
Paired t-tests showed significant differences between the CBCT and µCT for all parameters. 
Tb.Th and Tb.Sp were higher on CBCT images than on µCT images, but Tb.N was lower by 
CBCT (Table 2). The Pearson correlation coefficients for the relation between CBCT and 
µCT were all significant at p< 0.001 (Table 2). Bland-Altman analysis showed the smallest 
bias of measurements in Tb.N (-0.37 µm
-1
) followed by Tb.Th (1.6µm) and Tb.Sp (8.8µm). 
The confidence interval for the measurement differences between the two systems was 
smallest for Tb.N (-0.79 to +0.06), followed by Tb.Th (-2.1 to +5.3) and Tb.Sp (-21.4 to 
+43.1).  
 
 
Table 1. Intraobserver reliability for CBCT and µCT using the intraclass correlation 
coefficient (ICC). 
 
 
N=24 
ICC 
 
CBCT µCT 
Tb.Th 0.998 0.999 
Tb.Sp 0.997 0.999 
Tb.N 0.999 0.996 
Three bone microstructural parameters: trabecular number (Tb.N), thickness (Tb.Th) and 
separation (Tb.Sp). 
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Table 2: Structural parameters, paired t-test, and correlation between measurements obtained 
by CBCT and µCT. 
 
Parameters Means and standard 
deviation 
Paired t-test Pearson 
( r2 ) 
CBCT µCT means sd SEM t df p  
Tb.Th (µm) 0.41 + 0.15 0.28 +0.10 0.13 0.08 0.02 7.48 23 0.001 0.67* 
Tb.Sp (µm) 0.85 +0.44 0.71 +0.39 0.15 0.15 0.03 4.83 23 0.001 0.89* 
Tb.N (µm-1) 0.87 +0.26 1.11 +0.29 -0.24 0.16 0.03 -7.35 23 0.001 0.72*
 
Three bone microstructural parameters: trabecular number (Tb.N), thickness (Tb.Th) and 
separation (Tb.Sp). 
* Correlation is significant at the 0.001 level 
 
 
Discussion 
 
Bone quality evaluations using CBCT are usually concentrated on bone density (Corpas et al. 
2011; Gonzalez-Garcia & Monje 2012; Ibrahim et al. 2012; Parsa et al. 2012). However, in 
order to understand its influence on implant-bone integration, bone quality should also be 
assessed from the microstructural aspect of trabecular bone (Fanuscu & Chang 2004; 
Gonzalez-Garcia & Monje 2012). Apart from its role in bone healing and implant retention 
(Minkin & Marinho 1999), trabecular bone microstructure also contributes to bone strength 
(Felsenberg & Boonen 2005; Manske et al. 2010). Amongst the recommended 
microstructural parameters to estimate bone strength are trabecular thickness (Tb.Th), 
number (Tb.N), and spacing between each other (Tb.Sp). Bone density and trabecular 
microstructure measurements do not always correlate with each other (Gomes de Oliveira et 
al. 2012). For instance, a low-density bone may be associated with low Tb.Th (Hildebrand et 
al. 1999; Ranjanomennahary et al. 2011) and Tb.N, but high Tb.Sp (Hans et al. 2011; 
Ranjanomennahary et al. 2011). But, after a series of medications in osteoporotic patients, the 
increased bone density did not improve its bone strength (Riggs et al. 1990). Therefore, in 
selecting the best bone quality prior to dental implant treatment, the trabecular microstructure 
should also be included as part of the pre-surgical bone assessment. 
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µCT is a gold standard modality for trabecular microstructural assessment. However, it can 
only evaluate small bone samples and it cannot be employed to scan patients in a clinical 
setting (Burghardt et al. 2011).  The use of CBCT in dental implants has increased, but its 
ability in analyzing the bone microstructural parameters at implant receptor site remains 
unverified. At present, only few studies reported that CBCT has potentials in measuring 
trabecular microstructure (Corpas et al. 2011; Liu et al. 2007; Ibrahim et al. 2013). In this 
study, Tb.N, Tb.Th and Tb.Sp at posterior mandibular regions were directly assessed, 
analyzed and compared between CBCT and µCT datasets using human mandibular cadavers 
at implant receptor sites. A strong correlation was observed when comparing the trabecular 
bone microstructure measurements with µCT. Bland-Altman plots show strong agreements 
between CBCT and µCT when measuring Tb.N (-0.37µm), Tb.Th (1.6µm) and Tb.Sp 
(8.8µm). Only Tb.N was measured smaller by CBCT (indicated by a negative bias value) 
while Tb.Th and Tb.Sp were measured greater than µCT (indicated by positive bias values). 
This discrepancy is in accordance to the voxel size of CBCT (80µm) which is twice that of 
µCT (35µm). Since the voxel in CBCT is significantly larger than its counterpart in µCT, the 
system can only depict significantly thick trabeculae, which in turn results in a smaller 
trabecular number measurement. This is in accordance with a study on trabecular 
microstructural parameters which also concluded that small trabeculae are poorly depicted by 
low resolution systems when comparing MDCT (274µm) with µCT (16µm) (Issever et al. 
2010) and HR-pQCT (82µm) with µCT (18µm) (Tjong et al. 2012). The latter study 
described that partial volume effects (PVE) were increased and a rough estimation of Tb.Th 
was observed when bigger voxel size images were utilized when measuring microstructural 
parameters. However, it has to be emphasized that while spatial resolution expressed in voxel 
size is a limiting factor for image quality, it’s not the only contributing factor. Contrast to 
noise ratio (CNR) plays an equally important role in determining the capability of an imaging 
system for depicting delicate anatomical structures. A sufficiently high CNR can possibly 
compensate for a relatively low spatial resolution (Bechara et al. 2012). Therefore, thin 
trabeculae can be made visible even when the trabecular thickness itself is beyond the 
nominal voxel size. Image quality is also largely affected by micro-movement of the jaw. The 
stationary situation of the cadavers in the present study might have thus enhanced the 
visibility of the trabecular structures because the scans did not suffer from patient’s 
movement. 
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One difficulty in this study was triggered during identifying the ROI. The projections in 
CBCT were not completely similar to µCT because the mandibles were positioned vertically 
in µCT to meet the space constraints in the scanner. Through using 3D virtual 
reconstructions, CBCT and µCT were brought into maximum alignment. The measurements 
could still somewhat vary due to the limitation of the non-automated registration. However, 
when an automated registration is not attainable, Diederichs et al. (2008) had suggested that 
both scans should be performed at a similar position to improve the accuracy of the selected 
ROIs. Further, prior to microstructural assessment in CTAn software, the visualized 
trabecular bone was again compared slice by slice to ascertain that the ROI was 
correspondingly selected.  
 
The size of the ROI and density of the bone strongly influence trabecular bone assessments. 
A diameter of 5mm or larger bone specimen is recommended to adequately analyze bone 
parameters (Vigorita 1984). In this study we used the full height and width of the bone 
sections sampled at 5 and 10 consecutive and contiguous coronal slices for CBCT and µCT, 
respectively (Fig. 3). Nevertheless, this careful sampling still does not guarantee that all 
measurements were from anatomically identical regions. This is due to the manual nature of 
aligning the two datasets and the possibility for observer error. An automated, observer-
independent 3D volumetric matching using software tool is recommended to improve the 
alignment accuracy (Li et al. 2008). However, this was not possible in this study due to 
technical constrains. At any rate, the measurements were repeated twice and the ICC results 
show strong agreements between the first and the second measurement (Table 1).  
 
Apart from voxel size (Tjong et al. 2012); the accuracy of structural measurement is also 
influenced by the threshold selection (Parkinson et al. 2008).
 
Bone segmentation with CBCT 
remains difficult as image quality is affected by artifacts specific to the scanning technology 
(Parsa et al. 2013; Schulze et al. 2011). CBCT has a lower signal to noise ratio than µCT, a 
larger amount of scatter radiation, reduced contrast and is largely susceptible to beam 
hardening and edge aliasing artifacts (Schulze et al. 2011). All these combined factors 
introduce errors in the grey level values in CBCT which results in underestimation of thin 
trabecular bone. Therefore, it was recommended to use denser bone specimens to overcome 
this problem (Wirth et al. 2012). In this study all 24 mandibles were used regardless of their 
density. Owing to its extremely high resolution, µCT was able to image bone specimens even 
for poor bone density blocks. However, the same could not be stated for CBCT since the 
36 
 
partial volume effect is accentuated for sparse trabecular patterns. Therefore, trabecular 
spacing in particular was overestimated since many small trabeculae were thresholded out 
when binarizing the images. This could possibly explain the outliers depicted in the Bland-
Altman plots (Fig. 5). Only small discrepancies were observed (Tb.N <0.8 µm, Tb.Th ≤ 
5.3µm and Tb.Sp ≤ 43.1µm), however they will increase if more slices are used instead of 
taking the average of the number of slices as was done in the present study (average of 5 
slices for CBCT and of 10 slices for µCT). Thus future in vivo studies should assess the 
influence of using a different amount of image slices, different types of CBCT systems and 
varying clinical scan settings before applying this result as a clinical reference. 
 
Conclusions 
 
This study demonstrates that the CBCT system (3D Accuitomo 170) using the highest 
resolution available (80µm), provides reliable and accurate trabecular bone microstructure 
measurements when compared with µCT. Our results suggest that CBCT can be an accurate 
tool for bone microstructure analysis prior to dental implant insertion, taking into account that 
due to the voxel size CBCT introduced overestimation in measuring Tb.Sp and Tb.Th. 
However, the measurement accuracy could be further improved by applying automated 
volumetric matching software when registering the compared datasets. 
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Chapter 3 
 
Bone quality evaluation at dental 
implant sites using Multi-slice CT, 
Micro-CT and CBCT 
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Summary 
 
Objectives: The first purpose of this study was to analyze the correlation between 
bone volume fraction (BV/TV) and calibrated radiographic bone density (HU) in 
human jaws, derived from micro-CT and MSCT respectively. The second aim was to 
assess the accuracy of CBCT in evaluating trabecular bone density and microstructure 
using MSCT and micro-CT, respectively, as reference gold standards. 
Material and methods: Twenty partially edentulous human mandibular cadavers 
were scanned by three types of CT modalities: MSCT (Philips, Best, the Netherlands), 
CBCT (3D Accuitomo 170, J.Morita, Kyoto, Japan), and micro-CT (SkyScan 1173, 
Kontich, Belgium). Image analysis was performed using Amira (v4.1, Visage Imaging 
Inc., Carlsbad, CA), 3Diagnosis (v5.3.1, 3diemme, Italy), Geomagic (studio® 2012, 
Morrisville, NC), and CTAn (v1.11, SkyScan, Kontich, Belgium). MSCT, CBCT, and 
micro-CT scans of each mandible were matched to select the exact region of interest 
(ROI). MSCT HU, micro-CT BV/TV, and CBCT grey value and bone volume 
fraction of each ROI were derived. Statistical analysis was performed to assess the 
correlations between corresponding measurement parameters. 
Results: Strong correlations were observed between CBCT & MSCT density (r=0.89) 
and between CBCT and micro-CT BV/TV measurements (r=0.82). Excellent 
correlation was observed between MSCT HU and micro-CT BV/TV (r=0.91). 
However significant differences were found between all comparisons pairs (p<0.001) 
except for mean measurement between CBCT BV/TV and micro-CT BV/TV (p= 
0.147). 
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Conclusions: An excellent correlation exists between bone volume fraction and bone 
density as assessed on micro-CT and MSCT, respectively. This suggests that bone 
 density measurements could be used to estimate bone microstructural parameters. A 
strong correlation was also found between CBCT grey values and BV/TV and their 
gold standards, suggesting the potential of this modality in bone quality assessment at 
implant site. 
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Introduction 
 
Primary implant stability is the key factor for the long term success of an implant treatment 
by improving osseointegration (Fuh et al. 2010). Primary instability of an implant induces 
movements during healing. This micro-motion leads to fibroplasia as a biological response at 
bone tissue surrounding the implant. The replacement of bone by fibrous tissue and loss of 
osseointegration cause implant failure (Lioubavina-Hack et al 2006). Bone quality, which 
refers to the combination of all bone characteristics that influence bone resistance to fracture 
(Fyhrie 2005), is one of the most important factors influencing primary implant stability 
(Ozan et al. 2007; Tolstunov 2007). Among the bone characteristics,
 
bone mineral density 
(BMD) and trabecular microstructure are the strongest predictors for bone strength (Muller 
2003). However, these two parameters need to be simultaneously assessed to provide better 
estimation of bone strength (Teo et al. 2007; Diederichs et al. 2009). 
   
 
Several radiographic modalities have been used for bone quality assessment. For bone 
microstructure, micro-computed tomography (micro-CT) was recommended as gold standard 
for assessing bone morphology and micro architecture (Burghardt et al. 2011; Ibrahim et al. 
2013a). However, it is limited to ex-vivo small bone samples and cannot be employed for 
patients. Multiple X-ray projections with different angles in micro-CT allow a precise three-
dimensional (3D) reconstruction of the bone samples and assessment of bone trabeculae 
(Martin-Badosa et al. 2003). Micro-CT is used to measure several histomorphometric 
variables including bone volume (BV), total volume (TV), bone volume fraction (BV/TV), 
trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp) 
(Odgaard 1997).  
 
For bone density, multislice computed tomography (MSCT) is an established clinical 
modality in which calibrated Hounsfield units (HU) can accurately be converted to BMD 
measurements (Shahlaie et al. 2003; Shapurian et al. 2006). However, higher radiation 
exposure risk to patients in comparison with other modalities remains a main concern for 
applying MSCT for assessing bone quality (Dula et al. 1996; Ekestubbe et al. 1992; 
Ekestubbe et al. 1993; Frederiksen et al. 1995). Cone Beam Computed Tomography (CBCT), 
due to increased accessibility to dental practitioners, more compact equipment and reduced 
cost and radiation dose, has widely replaced medical CT for oral and maxillofacial imaging.  
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Several studies reported high geometric accuracy of CBCT for linear measurement 
(Lagravère et al. 2008; Lou et al. 2007; Naitoh et al. 2004), while its reliability in bone 
quality evaluation remains controversial. Only few studies suggested that CBCT could be 
applied to assess trabecular bone microstructure (Corpas Ldos et al. 2011; Liu et al. 2007). 
Additionally, CBCT does not represent calibrated voxel grey values expressed in HU (Hua et 
al. 2009).
  
Yet, many attempts have been conducted to assess the feasibility of converting 
CBCT grey values to actual density measurements. High correlation between HU derived 
from MSCT and CBCT voxel grey values has been demonstrated , hinting at the potential of 
CBCT in bone density assessment (Aranyarachkul et al. 2005; Cassetta et al. 2013; Lagravère 
et al. 2006; Naitoh et al. 2009; Naitoh et al. 2010b; Nomura et al. 2010; Parsa et al. 2012; 
Reeves et al. 2012). However, the excessive scattering and technology-specific artifacts 
produced in CBCT have been denoted as the perpetrator for the unreliable BMD 
measurements (Araki et al. 2011; Hua et al. 2009; Nackaerts et al. 2011; Schulze et al. 2011; 
Yoo & Yin 2006). 
 
 
High correlation between bone volume fraction (BV/TV) provided by micro-CT and voxel 
grey value from CBCT, and also between bone volume fraction derived from CBCT and CT 
numbers from MSCT has been reported (González-García & Monje 2012; Naitoh et al. 
2010a). However the relation between bone volume fraction and radiographic bone density in 
human jaws remains controversial (Aksoy et al. 2009; Stoppie et al. 2006). Therefore, the 
first purpose of this study was to analyze the correlation between bone volume fraction 
(BV/TV) and calibrated radiographic bone density (HU) in human jaws, derived from micro-
CT and MSCT respectively. The second aim was to assess the accuracy of CBCT in 
evaluating trabecular bone density and microstructure using MSCT and micro-CT, 
respectively, as reference gold standards. 
 
Material and methods 
 
Sample preparation and radiographic evaluation 
Twenty partially edentulous human mandibular cadavers not identified by age, sex or ethnic 
group were obtained from the functional anatomy department. The cadavers were sectioned 
at the mid-ramus level and fixed in formaldehyde (formaldehyde 74.79%, Glycerol 16.7%, 
Alcohol8.3 %, and Phenol 0.21%) and stored. A declaration was obtained from the 
Functional Anatomy department to use this human remains material for research purposes. 
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The restorative materials which can produce artifact such as amalgam filling and metal 
crowns were removed from dentitions. The mandibles were scanned by three types of CT 
modalities: MSCT (Philips, 120 kVp, 222 mA, 1.128 S, 0.67mm
 
isotropic voxel size, Best, 
the Netherlands), CBCT (3D Accuitomo 170, 90 kVp, 5 mA, 30.8 S, 4x4 cm FOV, 0.08 mm 
isotropic voxel size, J.Morita, Kyoto, Japan), and micro-CT (SkyScan 1173,130 kVp, 61 mA, 
35 min, 35μm isotropic voxel size, Kontich, Belgium). In MSCT scans, the occlusal plane of 
each mandible was set perpendicular to the floor with zero gantry tilt, whereas in CBCT 
scans it was set parallel to the floor according to manufacturer’s recommended protocol. The 
edentulous region of each mandible was located at the center of FOV in CBCT scans. Owing 
to the large gantry of applied micro-CT (140mm in diameter, 200mm in height), mandibles 
were not sectioned to smaller samples. To prevent the possible micro movements during the 
scanning due to the large size of the samples, a cylindrical shape Styrofoam was used to fix 
and mount the sample into the holder. 
 
Image processing  
 
All CT data sets were converted to Digital Imaging and Communication in Medicine 
(DICOM3) format. As the scan orientation differs between micro-CT and the other two 
systems, the z-axis of CBCT and MSCT images were flipped to match that of micro-CT for 
further procedures. Micro-CT data sets were large in size, therefore was not possible to be 
flipped by our workstation. Image analysis was performed using Amira (v4.1, Visage 
Imaging Inc., Carlsbad, CA), 3Diagnosis (v5.3.1, 3diemme, Italy), Geomagic (studio® 2012, 
Morrisville, NC), and CTAn (v1.11, SkyScan, Kontich, Belgium). MSCT images were 
imported to 3Diagnosis software. Two cylindrical shape virtual probes (with diameter and 
height of 0.7 and 8 mm, respectively) were inserted at the edentulous region within the 
cancellous bone, with 3 mm bucco-lingual distance between them (Figure1a, b). These 
probes were used as indicators to facilitate the selection of exact region of interest (ROI) 
from MSCT, CBCT and micro-CT. For MSCT, the probes were visible in a single cross-
sectional slice since the voxel size of MSCT scans was 0.67 mm, which is thick enough to 
allow the probes to be visible in one slice. Subsequently, a rectangular area was drawn 
between the two probes from the slice of interest to define the ROI for density measurements.  
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Figure 1. (a) Three-dimensional reconstruction of a mandible MSCT scan with inserted 
probes. (b) close-up view of probes (C) three-dimensional reconstruction of a mandible 
CBCT scan with transferred probes. 
 
The mean HU value from each ROI was calculated. All ROIs were totally within the 
cancellous bone, excluding cortical bone, inferior dental canal and any large bone defect.  
For CBCT, a volume-based 3D registration algorithm using Geomagic software was applied 
to transform the inserted probes from the MSCT datasets to the CBCT scans. A standard 
triangulation language (STL) surface file of the MSCT and CBCT scans were matched and 
the probes were transferred from MSCT scans to the exact region on CBCT’s (Figure1c). As 
a result, new CBCT datasets which include the probes were obtained. Using 3Diagnosis eight 
consecutive slices passing through the probes were selected from each CBCT dataset to 
calculate the mean grey values (radiological density). This is because slice thickness in 
CBCT is 0.08mm which approximately amounts to 8 times thinner than the equivalent slice 
thickness in MSCT. A rectangular region was also drawn between the two probes similar to 
MSCT and grey values from corresponding anatomical locations were derived.  
CBCT radiological density of each mandible’s ROI was considered as the mean of eight 
calculated grey values. Subsequently, the selected ROIs were saved as a bitmap (BMP) image 
files to allow the trabecular micro-structure evaluation. 
 
Using Amira, each micro-CT scan was cropped to have a smaller sample including the ROI.  
Due to large micro-CT data sets, the superimposition of CBCT and micro-CT scans was done 
as follows: maximum alignment of both datasets was obtained by manually matching and 
superimposition of isosurfaces generated in Amira software. Subsequently, sixteen micro-CT 
slices (correspondence to the eight CBCT slices) were selected and saved as a 16-bitmap 
(BMP) image file (65536 gray values). Then, these bmp files were exported to CTAn 
software for trabecular microstructure evaluations (Figure 2a). A rectangular ROI for 
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trabecular was selected on each dataset slice by slice (Figure 2b). All images were 
thresholded using an automated histogram analysis and binarized (Figure 2c) to allow the 
measurement process. On micro-CT datasets, the ROI was again verified by carefully 
comparing slices with CBCT’s (as reference). This was performed to reduce bias which may 
have been introduced during the manual superimposition of the two datasets. All 
measurements were performed twice with one month interval by a trained maxillofacial 
radiologist. 
 
 
Figure 2. (a) Images of micro-CT and CBCT were compared slice by slice from the same 
anatomical region. (b) A rectangular region of interest (ROI) was selected for each dataset. 
(c) Images were binarized and (d) processed to allow the microstructural measurements. 
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Data analysis 
 
Statistical analysis was performed using SPSS (v17.0, SPSS Inc., Chicago, IL). To determine 
the intraobserver reliability of the radiological and microstructural density measurement, 
intraclass correlation coefficient (ICC) was used. The Shapiro-Wilk test was used to verify 
the normality of the data. Paired t-test was used to assess the mean difference between MSCT 
and CBCT density measurements and between CBCT BV/TV and micro-CT BV/TV, while 
Pearson correlation coefficient was used to assess the linear relation between corresponding 
measurement parameters. Finally a Bland-Altman plot was used to assess the accuracy of 
CBCT in measuring trabecular BMD and bone microstructural density by plotting the 
difference between the measurements of CBCT against MSCT density and microCT BV/TV 
against the means of the compared measurements.  
 
Results 
 
Excellent intraobserver reliability (ICC ≥ 0.97) was revealed for repeated measurements in 
the three systems. Therefore, the mean of two measurements was calculated for further 
analysis. The mean HU of the selected ROI ranged from -60 to 507.6 (mean 222.85 & 
standard deviation [SD] 140.5) while CBCT grey values ranged from161.6 to 665.6 (mean 
377.49 & SD 127.4). The negative HU derived from MSCT for case 4, 16 and 20 (Table 1) 
may indicate fat in trabecular spaces (Parsa et al. 2012). Calculated BV/TV of the same ROI 
ranged from 2.24 to 75.83 (mean 32.35 & SD 18.81) for micro-CT and from 3.73 to 68.72 
(mean 36.79 & SD 23.17) for CBCT (Table1). Paired t-test showed significant differences (p 
< 0.001) between all comparison pairs except for mean measurement between CBCT BV/TV 
and micro CT BV/TV (p=0.147) . In all selected ROIs, CBCT showed a higher density than 
MSCT HU and a higher BV/TV than that of micro-CT. The normal distribution of 
measurements was confirmed by visually inspecting the histogram and the result of the 
Shapiro-Wilk test (p > 0.05). Therefore, the use of the t-test and Bland-Altman test is 
justified. Strong correlations were observed between CBCT and MSCT density 
measurements (r=0.89) and between CBCT and micro-CT BV/TV measurements (r=0.82). 
Excellent correlation was observed between MSCT HU and micro-CT BV/TV (r=0.91). 
Bland-Altman analysis showed the bias in measuring BV/TV between CBCT and micro-CT 
is smaller (4.44µm
-1
) than measuring the density between CBCT and MSCT (154.65HU) 
(Figure 3a, b). The 95% measurement errors are between -21.31 to 30.19 for BV/TV and 
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29.74 to 279.56 for density measurement. The differences of CBCT and micro-CT BV/TV 
measurements were minimal (4.44µm
-1
), suggesting strong agreement. 
 
 
Table1.  Mean results of MSCT, Micro-CT and CBCT density (grey value) and bone volume 
fraction (BV/TV) measurements.  
 
 
 
 
 
Mandible 
No. 
MSCT HU CBCT grey value Micro-CT 
BV/TV (%) 
CBCT BV/TV 
(%) 
1 390,9 513,3 37,11 44,43 
2 205,1 444,6 41,40 46,17 
3 507,6 665,6 75,83 63,58 
4 -16,6 204,7 3,91 3,73 
5 136 324,4 17,44 9,98 
6 202,4 270,8 23,99 24,87 
7 245,2 368,5 31,68 24,68 
8 327,1 417,5 47,62 50,41 
9 341 442,9 49,34 37,94 
10 316 474,3 48,68 62,94 
11 270 379,3 50,86 48,58 
12 210,2 278 44,64 68,72 
13 320 559,1 44,12 63,28 
14 204,4 344,9 22,65 26,31 
15 285,7 357 34,57 66,29 
16 -27,6 161,6 2,24 4,33 
17 220 483,7 24,87 55,30 
18 240,4 376,7 26,97 23,21 
19 139,2 285,3 15,97 6,68 
20 -60 197,7 3,16 4,45 
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Figure 3. Bland-Altman plots of (a) BV/TV measurements between CBCT and µCT, and (b) 
density measurements between CBCT and MSCT. 
 
 
Discussion 
 
It has been proven that the success of an inserted implant strongly depends on the quality, 
beside the quantity, of the surrounded bone (Jaffin & Berman 1991; Jemt et al. 1992). In 
jawbones, density measurements derived from MSCT HU are highly reliable (Schwarz et al. 
1987; Shapurian et al. 2006). 
 
However, bone density alone does not fully represent bone 
quality, and should be considered together with bone microarchitecture to estimate bone 
strength and fracture resistance (Diederichs et al. 2009). Histomorphometrically, bone 
volume fraction, which is the trabecular bone volume (BV) per tissue volume (TV) expressed 
in %, is the most important parameter (Parfitt et al. 1987). Micro-CT is accepted as a gold 
standard modality for trabecular microstructure assessment, but it cannot be employed in the 
clinic (Burghardt et al. 2011). In this study our aim was to investigate the possible correlation 
between bone quality measurements of clinically applicable scanners in comparison with 
micro-CT.  
 
A study on porcine vertebral cancellous bone revealed a high correlation between HU derived 
from CT images and BV/TV from micro-CT and suggested the use of HU from medical CT 
for the prediction of microarchitecture (Teo et al. 2006). Our results support these findings 
that correlation between MSCT HU and Micro-CT BV/TV is high (r=0.91). However, the 
mean of calculated BV/TV in mentioned study deviated from our findings in human 
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mandibles. This could be due to different samples, ROI selections and different scanner 
systems. In similar studies using human zygomatic and jawbones, a high correlation was 
found only in female subjects (Aksoy et al. 2009; Nkenke et al. 2003). Thus, they suggested 
that only female trabecular BV/TV can be predicted from bone mineral density. In contrast, 
another study found a high correlation between BV/TV and HU in trabecular bone 
surrounded by a thin layer of cortical bone regardless to gender (Stoppie et al. 2006). This 
study suggested that with the development of MSCT scanners and imaging software, more 
precise HU measurement would be achievable (Stoppie et al. 2006). Our results showed a 
strong correlation between BV/TV and HU in human mandibular trabecular bone, regardless 
to gender and thickness of surrounding cortical bone (r=0.91). This confirms the possibility 
of prediction of bone volume fraction from MSCT bone density measurement. The usefulness 
of this prediction can be emphasized by the limitation of micro-CT in clinical settings.  
 
CBCT has several advantages over MSCT in terms of more compact equipment, small 
footprint for the clinic, and relatively reduced scan costs. Additionally, lower radiation dose 
levels to the main organs of the head and neck region have been cited as one of the most 
important advantages of CBCT over MSCT (Carrafiello et al. 2010; Kau et al. 2005; White 
2008). Due to these advantages, the use of this modality in dental implant planning is 
growing so fast and it is more accessible to the dental practitioners than before. Therefore, the 
validity of CBCT in bone quality assessment has been studied broadly. The majority of these 
studies have focused on the bone density measurement and found CBCT a reliable modality 
for bone density measurement (Aranyarachkul et al. 2005; Cassetta et al. 2013; Lagravère et 
al. 2006; Naitoh et al. 2009; Naitoh et al. 2010b; Nomura et al. 2010; Parsa et al. 2012; 
Reeves et al. 2012).
 
The high correlation between measured CBCT grey values and CT 
numbers in our study (r=0.89) may confirms the possible potential of CBCT in radiographic 
density measurement. However, the limit of agreement in Bland and Altman plot (Figure 3b) 
is huge (29.74 to 279.56) with a high bias value (mean = 154.64).  This indicates 
an unfavorable strength of agreement. Thus, although the measurements is reliable (ICC 
>0.97) and validated between two compared systems (r = 0.82), the density measurement 
using CBCT is less accurate when compared to its gold standard system (MSCT). It should 
be considered that CBCT density measurement can be effected by scanning parameters and 
the location of the ROI within the scanner (Nackaerts et al. 2011; Parsa et al. 2013). 
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Using micro-CT as gold standard, the reliability of CBCT in trabecular microstructure 
assessment has been validated in human mandibles, but BV/TV was not among the assessed 
microstructural parameters (Ibrahim et al. 2013b). Our results also confirm the reliability of 
CBCT in trabecular microstructure assessment, based on a high correlation between BV/TV 
measured by CBCT and micro-CT (r=0.82). The positive bias value (4.44µm
-1
) in the Bland 
and Altman plot (Figure 3a) indicates that BV/TV was measured higher by CBCT.  The small 
range between the confidence interval for the measurement differences between the two 
systems was small (-21.31 to 30.19) indicates a strong agreement between CBCT and micro-
CT in measuring BV/TV. In present study, smallest available FOV (40x40 mm) and high 
resolution scan mode were applied in CBCT scans in order to achieve the highest possible 
spatial resolution (0.08 mm isotropic voxel size). Therefore using different CBCT scanning 
parameters the results may differ. 
 
It should be emphasized that the CBCT bone quality measurements in our study deviated 
from those of gold standards. This deviation arises from increased scattering, noise level and 
artefacts specific to the scanner technology which operates at lower peak kilovoltage and tube 
loading setting than MSCT and micro-CT, resulting in a reduced signal-to-noise ratio 
(Schulze et al. 2011).
 
A higher noise level in comparison to MSCT can cause more 
inconsistencies in voxel grey values (Araki & Okano 2011; Aranyarachkul et al. 2005). 
Additionally, as the acquired volume in CBCT is larger than collimated fan beam in MSCT, 
the influence of these artifacts is excessively exacerbated (Nackaerts et al. 2011; Schulze et 
al. 2011).  
 
Unlike the majority of other studies on bone volume fraction, our bone samples were not 
harvested for micro-CT scans. As such, in our sample the possible deviation between the 
planned and excised ROI, which might arise during the trepanation procedure, was eliminated 
(Stoppie et al. 2006). Additionally, in the present study, a fully automated and observer 
independent 3D matching algorithm was employed for MSCT and CBCT scans registration 
to ensure that all measurements are exactly from the same site up to voxel accuracy. 
However, due to the manual alignment of CBCT and micro-CT datasets, there is a possibility 
for observer error and selection of not identical regions. Since micro-CT datasets are large 
and therefore computationally expensive, technical limitations prohibited applying the 3D 
registration algorithm for automated alignment. Technical advancements in the future might 
resolve this issue. Finally, the difference in voxel size of CBCT (0.080 mm), micro-CT 
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(0.035mm) and MSCT (0.67 mm) can also contribute to the observed discrepancy in 
calculating BV/TV and bone density.  
 
Voxel size in CBCT influences image quality among other factors including the unit itself, 
tube voltage and FOV selection (Kamburoglu et al. 2011). Generally, the smaller the voxels 
the higher the spatial resolution and therefore the sharper the images appear to be. However, 
small voxels result in decreased contrast to noise ratio levels and they require higher exposure 
dose to the patient (Davies et al. 2012). The higher the spatial resolution the more technical 
demands are imposed on the imaging system as a whole and on the imaging detector in 
specific to attempt to suppress noise and increase signal levels. CBCT suffers from increased 
noise levels especially at smaller voxel sizes due to low tube voltage, cone beam divergence 
phenomena and inferior detector efficiency when compared to MSCT and micro-CT (Hassan 
et al. 2010). However, the potential influence of varying voxel size on visibility of hard tissue 
structures such as bone remains largely unknown. A recent systematic review of the literature 
concluded that there is a systematic lack of evidence regarding the impact of varying voxel 
size in CBCT on diagnostic performance and that possibly different voxel sizes might lead to 
comparable diagnostic outcomes (Spin-Neto et al. 2013). Only one study could be identified 
which demonstrated a possible effect of varying voxel size on cancellous bone measurements 
in micro-CT (Yeni et al. 2005). However, it remains unknown whether the same applies to 
CBCT.  
 
In this study, a conscious effort was made to optimize image quality through selecting the 
scan protocols and voxels sizes as recommended by the manufacturer for the chosen FOV’s. 
Our results are limited to one CBCT system (Accuitomo 170) and results may vary on other 
systems. The design specifications of different systems still vary (De Vos et al. 2009). The 
lack of a technical standard for the development of CBCT systems has led to a wide disparity 
in the physical parameters of each model. Developing such a standard for manufacturing 
CBCT systems may help in generalizing research findings in the future. The study was also 
limited as surrounding anatomical structures including the tongue and vertebra were absent. 
As a result, in CBCT scans partial object artefacts resulting from structures placed outside the 
scan field were not simulated. It has been previously noted that artefacts resulting from 
partial sampling of objects outside the scan field could result in a deviation in voxel grey 
values with CBCT (Araki & Okano 2011; Katsumata et al. 2009).
  
Grey values obtained from 
the cadaver may also deviate from the clinical situation.  
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In present study restorative materials which could induce artifacts were removed from our 
samples. However in normal clinical settings presence of metallic materials in oral cavity is 
quite common. In CBCT scans restorative materials with high atomic numbers harden the x-
ray beam causing streak artifacts in reconstructed images (Schulze et al.2011), while many 
high-density filling materials such as amalgam completely absorb the beam causing 
extinction artifacts rather than beam-hardening artifacts (Haramati et al. 1994). Resulted 
artifacts degrade the quality of images and affect the grey scales of normal anatomical 
structures close to foreign bodies. The severity of mentioned effect is also dependent on the 
energy of applied X-ray beam, density and geometry of artifact inducing materials (Schulze 
et al. 2010). Therefore further CBCT studies on assessing the effect of dental restorative 
materials on bone density and microstructure measurements are suggested. 
 
In conclusion, this current study demonstrates the reliability and validity of CBCT in bone 
quality assessment. However, unlike the bone volume fraction measurement, the accuracy for 
density measurement is unfavorable. In assessing density using CBCT, the microstructural 
assessment (BV/TV) is therefore recommended. However, based on the inconsistencies in 
CBCT designs, further studies are suggested on validation of different systems. 
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Chapter 4 
 
Influence of scan parameters on 
CBCT trabecular bone 
microstructural measurements  
 
 
 
 
 
 
 
 
 
 
This chapter has been published as:  
Ibrahim N, Parsa A, Hassan B, van der Stelt P, Aartman IHA, Wismeijer D. The 
effect of scan parameters on cone-beam CT trabecular bone microstructural 
measurements of the human mandible. Dentomaxillofacial Radiology 2013; 42: 
20130206. 
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Summary 
Objectives: The objective of this study was to investigate the effect of different 
CBCT scan parameters on trabecular bone microstructure measurements.  
Material and methods: A human mandibular cadaver was scanned using a cone-
beam CT (3D Accuitomo 170). Twenty cone-beam CT (CBCT) images were obtained 
using five different fields of view (4x4cm, 6x6cm, 8x8cm, 10x10cm and 10x5cm), 
two types of rotation steps (180º and 360º) and two scanning resolutions (standard and 
high). Image analysis software was employed to assess the trabecular bone 
microstructural parameters (number, thickness and spacing). All parameters were 
measured twice by one trained observer.  
Results: Intraclass correlation coefficients (ICC) showed high intraobserver 
repeatability (ICC, 0.95-0.97) in all parameters across all tested scan parameters. 
Trabecular bone microstructural measurements varied significantly, especially in 
smaller fields of view (p= 0.001). There was no significant difference in the trabecular 
parameters when using different resolutions (number p=0.988, thickness p= 0.960, 
spacing p=0.831) and rotation steps (number p=1.000, thickness p= 0.954, spacing p= 
0.759).  
 Conclusions: Scan field of view significantly influences the trabecular bone 
 microstructure measurements. Rotation steps (180º or 360º) and resolution (standard 
 or high) selections are not relevant. 
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Introduction 
 
Bone quality is one of the essential factors in predicting the success of implant treatment.
1 
Due to the advantages of cone-beam CT (CBCT) over other CT systems,
2 
CBCT has been 
widely used to facilitate the preoperative evaluation of bone quality for dental implant 
treatment.
3 
Until now, the application of CBCT in dental implant assessment is mostly based 
on linear measurement of bone width and height,
4
 density of the jaw bone
5-7
 and applications 
in guided surgery.
8 
However, it is recommended that the evaluation of bone quality should 
not be based on bone density alone.
9,10
 The mechanical aspects such as trabecular bone 
microstructural characteristics should also be assessed to aid in predicting a dental implant’s 
success.
6,10
  
 
Although the number of studies on the application of CBCT in assessing bone quality has 
noticeably increased during the last few years, the validity of the measurements produced by 
this technology remains controversial.
11
 This is because image quality in CBCT is influenced 
by the type of the system used to acquire the image data, the field of view (FOV) and the 
selection of scan parameters.
5
 It has been emphasized that FOV selection has a significant 
influence on image quality in CBCT and the visibility of anatomical structures.
12 
In addition, 
CBCT has a low contrast to noise ratio compared to multi-slice CT, a larger amount of scatter 
radiation due to the cone beam geometry plus several other image artifacts specific to 
CBCT.
13
 Studies have described that beam hardening artifacts and the relative positioning of 
the structures in the scan volume also influence the validity of CBCT bone density 
measurements.
5,14
 Consequently, image segmentation, which is required for assessment of 
bone quality, may also be influenced by these limitations.
15
 Different scanning positions, 
FOV and type of detector can produce different levels of artifacts.
16
 Although image 
processing algorithms could be used to filter and reduce these image artifacts,
17
 their 
applications in CBCT remain limited since it requires extensive computational technology.
18
 
 
The potential application of CBCT for trabecular bone microstructure assessment has been 
suggested.
19,20
 Recently, CBCT has been validated as a non-invasive imaging tool for 
trabecular bone microstructure measurement at dental implant sites.
21
 The effect of scanning 
parameters on microstructural measurements has been extensively studied in other high 
resolution systems including micro- and multi-slice CT.
22-24,25
 However, its influence on 
CBCT remains unknown. Therefore, the aim of this study was to evaluate the effect of scan 
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parameters (FOV, rotation steps and resolution) on trabecular bone microstructural 
measurements using CBCT. 
 
Material and methods 
 
Image acquisition and processing 
A human mandibular cadaver was obtained from the Department of Functional Anatomy, 
Academic Center for Dentistry Amsterdam, and approved for research purposes.  The 
mandible was scanned by a CBCT system (3D Accuitomo 170, Morita, Japan) at 90kVp and 
5mA using five different FOVs (4x4cm, 6x6cm, 8x8cm, 10x10cm and 10x5cm), two types of 
rotation steps (180º and 360º) and scanning resolutions (standard and high), resulting in a 
total of 20 scans. 
All datasets derived from CBCT were formatted as DICOM 3 files. An edentulous posterior 
region was identified as the region of interest (ROI) and carefully compared among all 
images. The comparison was conducted by creating three-dimensional (3D) isosurface 
datasets using image analysis software (Amira v4.1, Visage Imaging Inc., Carlsbad, CA). The 
isosurfaces were manually matched and superimposed onto each other to provide maximum 
alignment by using the 4x4 cm FOV datasets as a reference standard (Figure 1). For each 
image, a smaller volume of interest (VOI) was identified within the boundaries of the cortical 
bone (Figure 2). The selected VOIs were imported into analysis software CTAn (v 1.11, 
SkyScan, Kontich, Belgium) as 16-bit images (65536 gray values). To compare the 
measurements obtained from different scan parameters, the software was operated using 
separate windows for matching and comparing the slices obtained by different CBCT 
scanning parameters to the corresponding slice derived from the 4x4cm FOV as the reference 
model (Figure 3a). A rectangular ROI limited to trabecular bone structure was manually 
selected on each dataset slice by slice (Figure 3b) and binarized (Figure 3c) to allow the 
measurement process (Figure 3d). Because of the different FOVs’ voxel sizes, the amount of 
trabecular bone on 10 consecutive slices of a small FOV (e.g. 4x4 images, 80µm) may 
corresponds to an amount of 3 consecutive slices of a bigger FOV (e.g. 10x10 images, 
250µm). Therefore, to standardize the amount of assessed trabecular bone, the measurements 
were averaged in each image dataset. The measurement in CTAn software was performed 
twice with one week interval by one trained observer. 
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Figure 1. Two datasets from CBCT with 4x4cm FOV and 10x10cm FOV were matched in 
Amira software.  
 
 
 
Figure 2. A smaller volume of interest (VOI) of 4x4cm FOV and 10x10cm FOV were 
cropped within the boundaries of cortical bone in Amira software. 
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Statistical analysis 
 
Three trabecular bone microstructural parameters were considered to describe the trabecular 
characteristics. These parameters were the trabecular number (Tb.N), thickness (Tb.Th) and 
spacing (Tb.Sp). All parameters were measured on the CBCT images obtained using the 
twenty different combinations of scan parameters. Data were analyzed using SPSS (v20.0, 
SPSS Inc., Chicago, Illinois). The intraobserver reliability in reproducing the measurements 
was analyzed using intraclass correlation coefficients (ICC’s). Independent sample t-tests 
were used to assess the difference in trabecular microstructure parameters between the two 
scanning resolutions and the two rotation steps. Finally one-way ANOVA was used to assess 
the difference between the five FOV options in the microstructural parameters. The least 
significant difference (LSD) was used for the post hoc analysis. The 
level of significance was set at p=0.05. 
 
Results 
 
Table 1 demonstrates the first and second measurements across all tested scan parameters. 
The intraobserver reproducibility of trabecular bone microstructure measurements was 
excellent; ICC’s were 0.96, 0.97 and 0.95 for Tb.Th, Tb.Sp and Tb.N respectively. The 
independent sample t-tests showed no significant differences in the trabecular microstructural 
parameters when using different rotations and resolutions (Table 2). However, significant 
differences of the measurements were observed when using different FOVs (p=0.001). Post 
hoc analysis (LSD) illustrated generally that Tb.Th and Tb.Sp measurements decreased while 
Tb.N increased when a bigger FOV was used (Table 2). This trend is present in the lower 
range of FOV’s (Table 2).  
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Figure 3.  (a) Datasets from 4x4cm and 10x10cm FOV were compared slice by slice using 
the 4x4cm FOV datasets as the reference model. (b) A rectangular region of interest (ROI) 
limited to trabecular bone structure was selected for each dataset. (c) Images were binarized 
and (d) processed to allow the microstructural measurements. 
 
70 
 
 
Table 1. The cone-beam CT (CBCT) scan parameters and the repeated measurements of 
trabecular thickness (Tb.Th), spacing (Tb.Sp) and number (Tb.N). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FOV 
(cm) 
 
Rotation 
 
Resolution 
mode 
 
Exposure 
Time  
(s) 
 
Voxel 
size 
(µm3) 
 
Tb.Th1 
(µm) 
 
Tb.Th2 
(µm) 
 
Tb.Sp1 
(µm) 
 
Tb.Sp2 
(µm) 
 
Tb.N1 
(µm-1) 
 
Tb.N2 
(µm-1) 
4x4 180º Standard 9 80 3.15 3.06 6.64 6.53 1.02 1.04 
4x4 180º High 15.8 80 3.18 3.38 6.70 7.32 1.01 0.94 
4x4 360º Standard 17.5 80 3.23 3.04 5.03 5.06 1.21 1.23 
4x4 360º High 30.8 80 3.06 3.83 6.62 5.36 1.03 1.09 
6x6 180º Standard 9 125 2.63 2.84 3.71 3.96 1.57 1.47 
6x6 180º High 15.8 125 2.18 2.46 3.75 3.60 1.71 1.64 
6x6 360º Standard 17.5 125 2.42 2.65 3.25 3.68 1.76 1.58 
6x6 360º High 30.8 125 2.53 2.50 4.27 3.98 1.47 1.54 
8x8 180º Standard 9 160 1.88 1.78 3.37 3.20 1.91 2.01 
8x8 180º High 15.8 160 2.06 2.38 2.85 2.83 2.04 1.92 
8x8 360º Standard 17.5 160 2.07 2.01 2.96 3.22 1.99 1.91 
8x8 360º High 30.8 160 2.23 2.17 2.90 3.49 1.95 1.77 
10x10 180º Standard 9 250 1.66 2.04 2.02 1.88 2.72 2.55 
10x10 180º High 15.8 250 1.77 1.95 1.86 2.16 2.76 2.44 
10x10 360º Standard 17.5 250 1.95 1.95 1.86 2.41 2.62 2.29 
10x10 360º High 30.8 250 1.42 1.66 2.87 2.39 2.32 2.46 
10x5 180º Standard 9 250 1.68 1.96 2.91 3.51 2.18 1.82 
10x5 180º High 15.8 250 1.44 1.72 2.10 2.69 2.82 2.27 
10x5 360º Standard 17.5 250 1.60 1.87 1.88 2.95 2.87 2.07 
10x5 360º High 30.8 250 1.65 1.65 2.60 2.59 2.35 2.35 
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Table 2. The mean and standard deviation (SD) of trabecular microstructural measurements 
analyzed using independent t-test for different resolutions (standard and high) and rotation 
steps (180º and 360º). The differences among field of views (4x4cm, 6x6cm, 8x8cm, 
10x10cm and 10x5cm) are analyzed using Post Hoc test. 
FOV, field of view. 
The differences among FOVs (4x4cm, 6x6cm, 8x8cm, 10x10cm, and 10x5cm) were analysed 
using the post-hoc test. Mean difference is significant at the 0.05 level. 
 
 
 
 
 
 
 
 
Scanning parameter 
 
n 
Trabecular thickness Trabecular spacing Trabecular number 
Mean SD p Mean SD p Mean SD p 
Resolution Standard 
High 
10 
10 
2.28 0.55  
0.960 
3.50 1.40  
0.831 
1.89 0.54  
0.988 2.26 0.67 3.65 1.64 1.90 0.59 
Rotation 180º 
360º  
10 
10 
2.26 0.59  
0.954 
3.68 1.77  
0.759 
1.89 0.60  
1.000 2.28 0.64 3.47 1.23 1.89 0.52 
 FOV 
 
4 x 4 
 
 
 
 
 
6x6 
8x8 
10x10 
10x5 
 
 
4 
 
 
 
 
 
 
3.25 
 
 
0.16 
 
 
 
0.001 
0.001 
0.001 
0.001 
 
 
6.15 
 
 
0.86 
 
 
 
0.001 
0.001 
0.001 
0.001 
 
 
1.07 
 
 
0.10 
 
 
 
 
0.001 
0.001 
0.001 
0.001 
6 x 6  
4x4 
8x8 
10x10 
10x5 
4 
 
 
 
 
2.53 0.17  
0.001 
0.001 
0.001 
0.001 
3.78 0.28  
0.001 
0.060 
0.001 
0.004 
1.60 0.09  
0.001 
0.003 
0.001 
0.001 
8 x 8  
4x4 
6x6 
10x10 
10x5 
4 
 
 
 
2.07 0.18  
0.001 
0.001 
0.030 
0.005 
3.10 0.19  
0.001 
0.060 
0.014 
0.198 
1.94 0.53  
0.001 
0.003 
0.001 
0.001 
10x10  
4x4 
6x6 
8x8 
10x5 
4 
 
 
 
 
1.80 0.18  
0.001 
0.001 
0.030 
0.382 
2.19 0.31  
0.001 
0.001 
0.014 
0.175 
2.52 0.12  
0.001 
0.001 
0.001 
0.084 
10 x5  
4x4 
6x6 
8x8 
10x10 
4 
 
 
 
 
1.70 0.10  
0.001 
0.001 
0.005 
0.382 
2.66 0.38  
0.001 
0.004 
0.198 
0.175 
2.34 0.24  
0.001 
0.001 
0.001 
0.084 
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Discussion  
 
The ability of CBCT to display three dimensional (3D) images has increased its value for 
bone assessment
11 
including linear bone measurements
4,26-28
 and bone density 
measurements.
5-7
 Recently, its potential application in structural analysis of trabecular bone 
has been suggested
19,20
 and validated.
21
 Undeniably, different CBCT applications require 
different image resolutions.
29  
For the assessment of the microstructure of trabecular bone, the 
resolution of the CBCT images is of paramount importance. Since CBCT image resolution is 
directly influenced by the scan parameters,
30 
a precise scanning protocol is essential to obtain 
accurate image resolution for fine bony structures.
31
 The current study observed the effect of 
different CBCT scan parameters on trabecular bone microstructure measurements. CBCT 
showed reproducible measurements for all tested scan parameters (ICC, 0.95-0.97). Previous 
CBCT studies mainly reported excellent reliability for linear mandibular measurements.
26-28 
 
In addition, recently the reliability of the use of CBCT for bone density measurements has 
been studied.
5
 To the limit of our knowledge, the present study is the first reporting the 
reliability of CBCT trabecular microstructure measurements. 
 
The size of the selected FOV has been described as an essential factor in assessing 
maxillofacial structures when using three dimensional surface models.
12
 Although 
recommended for better structural visualization, the increased image artifacts in a smaller 
FOV may decrease the image quality more than in a bigger FOV. This is because the image 
reconstruction is heavily disturbed by the gray values of the structures outside the FOV which 
contribute in relatively greater extent when using the small FOV.
12,14
 Similarly, the current 
study demonstrated that the trabecular bone microstructure measurements were significantly 
different when using different FOVs. When a bigger FOV was selected, the trabecular 
number increased, but the trabecular thickness and trabecular spacing decreased 
correspondingly. The voxel sizes used in this study were 80µm, 125µm, and 160µm for the 
FOV 4x4cm, 6x6cm and 8x8cm respectively. The 10x10cm and 10x5cm FOV have the same 
voxel size, i.e. 250µm. Unlike in previous studies,
21,32
 Tb.N increased when a larger FOV 
was selected. The voxel sizes used in the current study were 80µm, 125µm, and 160µm for 
the FOV 4x4cm, 6x6cm and 8x8cm respectively. The 10x10cm and 10x5cm FOV have the 
same voxel size, i.e. 250µm. When evaluating fine structures, a small voxel size is always 
recommended for its high spatial resolution.
33,34
 However, an image with a bigger voxel and a 
higher contrast to noise ratio (CNR) may have a better visual resolution than an image 
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composed of smaller voxels with a lower CNR image.
30
 CNR is described as the ability to 
differentiate the contrast values of the diagnosed structures from the image background.
24
 
Thus, the current results might be related to the higher CNR for larger CBCT voxel sizes. It 
would be interesting if the outcome of the current study could be extended to validate the 
significance of using a small voxel size for trabecular bone microstructure assessment by 
comparing the measurements from various CBCT voxel sizes with a gold standard modality 
such as micro-CT. 
 
The 360º scan has more basis projections (resulting in a bigger dataset) and theoretically 
therefore should have a better image resolution than the 180º scan.
35 
However, the current 
measurements showed no difference between different rotation parameters (180ºor 360º). 
Bechara et al
30
 also reported that the diagnostic image quality derived from a 180º (half) 
rotation setting was comparable to the 360º (full) rotation. In addition to the rotation setting, 
the current study also demonstrated that the trabecular microstructure measurements were not 
different when the type of resolution is changed from standard to high in the same FOV. This 
benefits the patients as the half rotation and standard resolution setting reduces the exposure 
dose. The advantages for the clinicians are that the lower number of images helps to reduce 
the required storage space and shortens the image reconstruction time. However, when metal 
artifacts are inevitable, a full rotation scan setting was recommended to increase the image 
quality.
30
 In short, this current study highlights the role of scan parameters in balancing the 
diagnostic image quality with radiation dose when using CBCT specifically for the 
assessment of the trabecular bone microstructure. 
 
The 3D CBCT image contains a wide range of gray values. Due to the inconsistencies in the 
CBCT histogram, it is difficult to identify the correct threshold value in order to accurately 
separate different densities in CBCT systems. Although an automated threshold value was 
used in our study, which should increase the reproducibility of the segmentation process, 
CBCT gray values are also influenced by the so called partial volume effect (PVE).
13
 When 
images are binarized, voxels are assigned either as bone or as marrow according to their gray-
values. The voxels which contain both bone and marrow information show a gray value 
which is between that of bone and that of marrow. It is difficult to predict if such a voxel is 
displayed as bone or as marrow as a result of the thresholding process. When larger voxel 
sizes are used, the voxel values under the influence of the PVE can result in an image with 
thicker trabeculae or suggesting loss of thin trabeculae.
32
 Unlike other higher resolution 
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modalities
22,23,32
 the influence of PVE on trabecular measurement has not yet been studied in 
CBCT. Thus, future research on image diagnostic quality should also report on the influence 
of PVE on CBCT measurements as part of the thresholding procedure.  
 
The accuracy of the co-registration procedure in this study was dependant on the accuracy 
with which the 3D isosurfaces could be created and matched. In CBCT, 3D surface 
segmentation is limited by spatial and contrast resolution which is determined through 
technical factors such as modulation transfer function, the volume’s voxel size and the tri-
linear interpolation algorithm of gray values between the voxels. All these factors limit the 
accuracy of the visualized volume to 100-150 µm.
36
 Additionally, relevant scan settings 
including FOV play an important role on setting the upper maximum attainable geometric 
accuracy thereby limiting the accuracy of the 3D surfaces. For CBCT 3D surfaces, this has 
ranged between 150-500µm depending on the chosen system and scan protocol.
37
 In this 
study, the registration and cropping of two volumetric datasets (e.g. FOV 4x4 and FOV 8x8) 
was done manually to obtain the requested region of interest. The registration process was 
dependant on the 3D isosurfaces in providing coordinates of the original volumes of both 
datasets. The smaller VOI was then confined in the vertical and horizontal slice directions to 
the cortical bone margins.  
 
An automated voxel based registration algorithm such as (maximization of mutual 
information) is superior to (semi)automated or manual 3D isosurface registration methods 
since its results are insensitive to image resolution or segmentation technique.
38
 
Unfortunately, it was not possible to perform voxel based registration in the present study due 
to technical limitations of the analysis software employed. As such, the two volumes could 
not be automatically matched based on voxel data. Therefore, a manual approach was chosen 
instead. To ascertain the registration accuracy, the measurements were repeated twice and the 
ICC shows strong agreement between the first and the second measurements (ICC, 0.95-
0.97). This means that the manual registration was reproducible. In addition, the two datasets 
were carefully compared slice by slice in CTAn software to ensure that the images used for 
the analysis were selected from the same region. The measurements were then averaged to 
reduce the bias that may occur during the manual registration procedure in Amira software. 
This is also another effort to standardize the amount of assessed trabecular bone on each 
image dataset of both compared systems.
21
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In a previous study, the variability of the trabecular microstructure was observed on twenty-
four human mandibular cadavers
21. 
Because in the current study the focus is on the effect of 
scan parameters, rather than the biological trabecular variation, only one specimen was 
used.  This may reduce the bias caused by the biological variation (e.g. bone density) and 
allows us to generalize the results.  
 
Conclusions 
 
This study assessed the difference in trabecular bone parameters using different scan 
parameters of a CBCT system. The results show that trabecular bone microstructure 
parameters are significantly influenced by the choice of FOV regardless of the FOV’s 
resolution (standard or high) and rotation mode (180º or 360º). Therefore, it is recommended 
to select the shortest scanning time, thereby reducing the probability of motion artifacts and 
thus enhancing image quality whilst minimizing radiation dose. 
  
The measurements in our study were performed on a cadaver specimen and can deviate from 
actual measurements in patients. Therefore, in vivo studies should be conducted to validate 
the current results and help to formulate a standard scanning protocol
39
 for the accurate and 
reproducible trabecular bone microstructural assessment at prospective implant sites. 
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Summary 
 Objective: The aim of this study was to assess the influence of different object 
locations in different field of views (FOVs) of two cone-beam CT (CBCT) systems on 
trabecular bone microstructure measurements of a human mandible. 
 Materials and methods: A block of human dry mandible was scanned at five 
different locations (center, left, right, anterior and posterior) using five different field 
of views (FOVs) of two CBCT systems (NewTom 5G and Accuitomo 170). Image 
analysis software (CTAn software v 1.1) was used to assess the trabecular bone 
microstructural parameters (thickness = Tb.Th, spacing = Tb.Sp, number= Tb.N, and 
bone volume density= BV/TV). All measurements were done twice by one trained 
observer.  
 Result: Tb.Th, Tb.Sp and Tb.N varied significantly across different FOVs in the 
NewTom 5G (p<0.001) and the Accuitomo 170 (p<0.001). For location, a significant 
difference was observed only when measuring BV/TV (p= 0.03) using the NewTom 
5G.  
 Conclusion: The trabecular bone microstructural measurements obtained from CBCT 
systems are influenced by the size of FOVs. Not all trabecular bone parameters 
measured in different CBCT systems are affected when varying the object location 
within the FOVs. 
 
 
83 
 
Introduction 
 
The three-dimensional (3D) images of cone-beam CT (CBCT) have been widely used to 
assess bone quality. Trabecular bone microstructures are amongst the suggested bone quality 
parameters that may predict a dental implant’s success.1 This is because it does not only 
determine bone strength,
2
 but also the implant-bone integration, bone healing and primary 
implant stability.
3,4
 However, clinical application of CBCT in microstructural assessment is 
still rare due to the system’s limitations.5 
 
Previous studies have reported the inconsistencies of CBCT measurements. Object’s location 
within the field of view (FOV),
6,7
 technical specifications of individual systems and imaging 
parameters have been described as part of the underlying factors.
7,8
 Additionally, x-ray 
scattering and image artifacts
9,10
 in CBCT systems may influence its density assessment.
11,12
  
The system’s inherent artifacts such as object truncation in a limited FOV could also result in 
measurements’ deviation. These factors introduce overestimation of image density13 and 
increased linear measurement at the periphery in comparison to the center region of the 
CBCT’s FOV.13,14 The verification of the measurement derived from CBCT images is 
therefore important to ensure accurate presurgical analyses
15
 such as in implant guided 
surgery.
16
 Thus, clinicians should be well informed about the magnitude of measurement 
deviations when using CBCT as an image diagnostic tool.  
 
Recently, the reliability and accuracy of CBCT for trabecular microstructural assessment has 
been reported.
17
 However, studies of the influence of scanning parameters (FOVs, object 
locations and scanning protocols) on trabecular microstructural assessment are suggested 
before advocating CBCT for clinical practice. Unlike the trabecular microstructural 
measurements, the influence of object’s location in CBCT’s FOV on bone density7 and linear 
measurements
14
 have been largely studied. Therefore, this study aims to assess the influence 
of different object locations within different FOVs of two CBCT systems on trabecular bone 
microstructure measurements of a human mandible. 
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Material and methods 
 
Image acquisitions 
 
A human dry mandible was obtained from the Department of Oral and Maxillofacial 
Radiology, Academic Center for Dentistry Amsterdam and approved for research purpose. A 
bone block of 1cm thickness was sectioned from the edentulous first left molar region (Figure 
1). The block was scanned by two CBCT systems (NewTom 5G, Verona, Italy and 
Accuitomo 170, Morita, Japan) using the exposure protocols set by the manufacturer of each 
system for each selected FOV. The Accuitomo system operated at 90kVp, 5mA and 17.5s 
exposure time. The selected scan protocol used was standard resolution mode and full 
rotation steps to reduce the scan time
 
while maintaining adequate the image quality. The 
block was scanned at five different locations (center, left, right, anterior and posterior) as 
shown in Figure 2. Five different scan FOVs were used. The voxel size for 4cm x 4cm, 6cm x 
6cm and 8cm x 8cm FOV was 80µm, 125µm and 160µm respectively. The voxel size was 
constant at 250µm when a bigger FOV was used (10cm x 10cm and 14cm x 5cm). For 
NewTom 5G, the system operated at 110kVp, 0.57mA with 18s exposure time. The selected 
scan protocol for NewTom 5G was normal resolution mode, regular scan time and standard 
dose. High resolution mode is the only option for 6cm x 6cm FOV scan view (0.95mA). The 
bone block was again scanned at five different locations (center, left, right, anterior and 
posterior) using five FOVs (6cm x 6cm, 8cm x 8cm, 12cm x 8cm, 15cm x 12cm, and 18cm x 
16cm). The voxel size was 150µm for the 6cm x 6cm FOV, 250µm for 8cm x 8cm and 12cm 
x 8cm, and 300µm for the rest of the tested FOVs. The block was fixed and placed on a 
platform parallel to the horizontal plane for all scans. To avoid any artifact from partial object 
effects (POV), the block was positioned within the FOV. In total, 50 scan datasets were 
produced. 
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Figure 1: A bone block was fixed and 
placed on a platform parallel to the 
horizontal plane for CBCT scans.  
 
Figure 2: The bone block was scanned 
at five different locations (C=center, 
A=anterior, L= left, R=right and P= 
posterior) within the field of view of 
CBCT system. 
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Image processing 
 
The resultant images were formatted as Digital Imaging and Communication in Medicine 
(DICOM3) files and exported into Amira analysis software (Amira v4.2.1, Visage Imaging 
Inc., Carlsbad, CA). In Amira software, 3D isosurfaces were created and saved as Standard 
Triangulation Language (STL) files. All 3D datasets were superimposed on a reference 
standard dataset (4cm x 4cm or 6cm x 6cm FOV) to provide maximum alignment for 
cropping and matching of the original volumes (voxel data) of all compared images (Figure 
3). For images obtained by Accuitomo 170, the selection of region of interest (ROI) 
corresponded to the center region of the 4cm x 4cm FOV. For NewTom 5G, the region of 
interest (ROI) corresponded to the center region of the 6cm x 6cm FOV. All ROIs were 
exported as 16-bitmap image files to CTAn trabecular bone analysis software (v1.11, 
SkyScan, Kontich, Belgium) to compare the measurements for trabecular thickness (Tb.Th), 
trabecular spacing (Tb.Sp), trabecular number (Tb.N) and bone volume density (BV/TV). 
To ensure that the measurements are derived from the same ‘anatomical slice’, the 4cm x 
4cm (Accuitomo 170) and 6cm x 6cm (NewTom 5G) FOV images were used as reference 
Figure 3: Accuitomo 
170 dataset obtained 
from 8x8 FOV (yellow) 
was superimposed on a 
reference standard 
dataset (4x4FOV, blue) 
in Amira software. 
 
 
Figure 4: A region of interest (ROI) was selected (a) and 
binarized (b) prior to trabecular microstructure 
measurement in CTAn software. 
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standard to select a smaller ROI confined only to trabecular bone in the CTAn software. An 
automated thresholding value based on histogram analysis was used to separate bone 
trabeculae from marrow spaces and image background. Subsequently, the images were 
binarized to allow the trabecular measurement process (Figure 4). All measurements in CTAn 
were performed twice with one week interval by one trained maxillofacial radiologist with 
more than five years of experience evaluating CBCT images. In addition, the observer has 
three years of experience assessing trabecular microstructure using the tested CBCT systems 
and image analysis software. 
 
Statistical analysis  
 
The parameters that were used to observe the effect of different locations on the trabecular 
bone microstructural measurements were Tb.Th, Tb.Sp, Tb.N and BV/TV. Intraclass 
correlation coefficients (ICC’s) were used to analyze the intraobserver reliability in 
reproducing the measurements. Oneway ANOVA was conducted to compare the 
microstructure parameters among the five FOVs and among the five locations. Bonferroni 
tests were used as a post-hoc procedure. Finally, Pearson correlation coefficient was used to 
observe the relation of the parameters. A significance level of 1% was used. 
 
Results  
 
The intraobserver reliability for trabecular bone microstructure measurements was excellent 
for the NewTom 5G (ICC for Tb.Th 0.95, Tb.N 0.96 and Tb.Sp 0.95) and Accuitomo 170 
(ICC for Tb.Th 0.97, Tb.N 0.96, Tb.Sp 0.89 and BV/TV 0.87). However, the reliability was 
moderate when measuring BV/TV using NewTom 5G (ICC, 0.79). Hence the average 
measurement was used for the next analyses. Table 1 shows the mean and standard deviations 
(sd) of microstructural measurements in different sizes of FOVs. Table 2 shows a significant 
difference in Tb.Th (F=73.20, df1=4, df2=20, p=0.000, Tb.Sp (F= 14.87, df1=4, df2=20, 
p=0.000) and Tb.N (F=23.90, df1=4, df2=20, p=0.000) for the NewTom 5G between 
different FOVs. The difference was also significant for the Accuitomo 170 in Tb.Th 
(F=45.09, df1=4, df2=20, p=0.000), Tb.Sp (F=7.16, df1=4, df2=20, p=0.000) and Tb.N (F= 
11.86, df1=4, df2=20, p=0.000). There was no significant difference when measuring BV/TV 
(p>0.289) by both systems using different FOVs. Table 3 shows the microstructures 
measured at different locations within the CBCT’s FOVs. There was a significant difference 
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for the NewTom 5G in BV/TV (F=3.48, df1=4, df2=20, p=0.03) between different scanning 
locations. Pearson correlation coefficients are strong and statistically significant (Table 4) 
between Tb.Th, Tb.Sp and Tb.N in the NewTom 5G (r > +0.85). For Accuitomo, the 
correlation between the microstructural parameters was moderate (r > +0.57). BV/TV was 
correlated with Tb.N (r=0.59, p=0.002) for the NewTom 5G but also correlated with Tb.Sp 
for the Accuitomo 170 (r= -0.67, p=0.003). 
 
Discussion 
 
The evaluation of trabecular microstructure can only be achieved by means of high resolution 
modalities (100-500µm).
18
 In this study, CBCT systems with scanning resolutions ranging 
from 80 to 300µm were used to evaluate the variations of trabecular parameters of a human 
mandible. The current study replicates a clinical situation when a CBCT scan is used to 
evaluate bone quality of multiple implant sites on a human mandible. Different locations of 
the ROIs (anterior, posterior, left and right) were simulated by placing the bone block at the 
center and the periphery regions within the CBCT’s FOV (Figure 2).  
 
The CBCT’s FOV has been reported as one of the scanning parameters that affect the 
measurement accuracy of 3D surface model,
19
 linear bone measurements
14
 and bone 
density.
7,8
 In this study, measurement variations were observed using five FOV sizes of 
NewTom 5G and Accuitomo 170 separately. Similar to high-resolution peripheral CT
20 
and 
multi-slice CT
21
 studies, microstructural parameters variations were also observed in this 
study (Table 1). There was a significant difference in the measurements according to the 
FOV size specific to the type of the system (Table 2). Among the technical factors that 
associate with the FOV size are the voxel size,
19
 contrast to noise ratio (CNR)
22
 and image 
artifacts. A small voxel size
23
 in a small FOV
24
 is generally recommended to improve 
diagnostic accuracy. Previous studies have described that measurement variations can be due 
to the increased image artifacts specifically in the smaller FOV.
19,22
 Also, an image with a 
bigger voxel and a higher CNR can have a higher resolution than an image composed of 
smaller voxels with a lower CNR.
23
 Consequently, while the selection of FOV is dependent 
on the interest of the diagnostic task, the clinician should be alert on the deviation of 
trabecular measurements when using different FOV size. 
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A pattern of measurement fluctuations was observed between the center and the periphery 
regions (Table 3) which are subject to the type of the system. The increased scattering 
radiation at the center region of the CBCT’s FOV was suggested to be due to the increased 
beam intensity at this region.
25
 The non-uniformity of the beam intensity caused 
inconsistency of grey values within the CBCT FOV in which it was relatively higher at the 
centre than the periphery regions. The combination of these artifacts was further described as 
compromising the system’s effective resolution.26 Likewise, the current study observed an 
inconsistency in measuring BV/TV when using NewTom 5G. The images in large FOVs of 
the NewTom 5G (voxel size of 300µm) are more pixelated than that of the images from the 
large FOVs of the Accuitomo 170 (voxel size of 250µm). Thus, some deviations occurred 
when reproducing the ROI on images of larger FOVs in the NewTom 5G. Bouxsein et al. 
described that the trabecular bone volume of the ROI which is closer to the cortical bone may 
be higher than the ROI which is a few pixels away from the cortical surface.
27
 Despite the 
challenge, only reliability of BV/TV in the NewTom 5G was moderate (ICC, 0.79) while 
other parameters showed strong reliability (ICC >0.87). In addition, the truncations artifact in 
CBCT systems increases the grey value of the periphery regions (i.e. near to the object that 
was placed outside of the FOV).
6
 These artifacts occur when the scanned object is larger than 
the size of the FOV. Clinically, the image diagnostic accuracy may possibly compromise 
when a small FOV is selected for a high resolution image and low exposure dose. Therefore, 
although CBCT has been reported as a reliable tool for assessing bone quality (linear 
measurement
14
 and trabecular microstructure
17
), the measurement deviation caused by the 
systems’ inherent limitations should be well acknowledged.  
 
The trabecular parameters correlate differently in different systems (Table 4). The 
correlations within and between the systems are expected to differ due to differences in the 
selected scanning protocols
28
 and the technology utilized in each system.
26
 Similar to the 
previous studies,
17,29
 Tb.N was negatively correlated with Tb.Th and Tb.Sp. However, this 
could also be due to the automatic thresholding method that applied in this study which could 
possibly overestimate one parameter (e.g. Tb.Th) while underestimating the other parameter 
(e.g. Tb.N). Thresholding is in turn affected by the histogram distribution of grey values, 
which, as has been previously established, dependent on scanning locations and voxel size.
7,14
 
To reduce the bias derived from various bone densities,
17,19
 only one bone block was used to  
evaluate the effect of scanning FOV and locations. Since only one measurement was obtained 
from each combination protocol (FOV and object location), the interaction between the two 
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variables could not be statistically analyzed and is a limitation of the current study. When 
multiple implant sites are pre-operatively assessed for quantity and quality of the available 
bone, it should be emphasized that the obtained measurements could vary according to the 
location of the implant site in the selected scan FOV.  
 
In this study an average of 30 minutes was spent to analyze bone quality of multiple implant 
sites on one CBCT scan. The procedure includes exporting the dataset to the database and 
importing them to the analysis software to perform the segmentation and trabecular analysis. 
In the near future, the ubiquitous availability of advanced analysis software and increased 
computing power might shorten the time to less than 5 minutes to complete the trabecular 
microstructural analysis.  
 
Conclusion 
 
This study suggests that the trabecular bone microstructural measurements obtained from 
CBCT systems are influenced by the size of the FOV. However, the trabecular bone 
parameters are affected differently when varying the object location within the FOV of 
different CBCT systems. Consequently, the FOV, location of the scanned object and the type 
of the CBCT system should be considered as the influencing factors which may compromise 
the clinical evaluation of trabecular microstructural assessment.  
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Table 1. The mean and standard deviations (sd) of the trabecular microstructural parameters 
in different field of views (FOV) of CBCT systems. 
 
CBCT 
system 
FOV 
(cm) 
Voxel 
size 
(µm³) 
Tb.Th Tb.Sp Tb.N BV/TV 
mean sd mean sd mean sd mean sd 
NewTom 
5G 
6x6 150 7.83 0.09 13.23 0.28 0.38 0.01 30.52 0.67 
8x8 250 9.33 0.16 14.48 0.57 0.31 0.01 29.53 0.84 
12x8 250 11.15 0.10 18.27 0.95 0.26 0.01 29.33 1.44 
15x12 300 11.51 0.23 20.29 1.26 0.24 0.02 26.22 2.02 
18x16 300 11.91 0.33 20.45 0.90 0.25 0.01 29.92 1.77 
Accuitomo 
170 
4x4 80 6.08 0.26 12.73 0.29 0.47 0.03 28.32 2.88 
6x6 125 6.72 0.18 13.86 0.46 0.45 0.05 23.27 2.17 
8x8 160 7.55 0.25 14.18 0.32 0.36 0.02 25.39 1.93 
10x10 250 9.82 0.22 15.98 0.56 0.25 0.03 22.08 2.19 
14x5 250 9.74 0.35 17.34 1.28 0.24 0.03 23.20 3.12 
The trabecular microstructural parameters: Tb.Th, trabecular thickness; Tb.Sp, trabecular 
spacing; Tb.N, trabecular number; BV/TV, bone volume density. 
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Table 2.  Results of the post hoc procedure testing the differences in field of view (FOV). 
NewTom 5G: FOV 1=6x6, 2=8x8, 3= 12x8, 4=15x12, 5= 18x16. 
Accuitomo: FOV 1=4x4, 2= 6x6, 3=8x8, 4=10x10, 5= 14x5. 
* The difference is significant at p <0.05. 
-  No significant difference 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FOV 
Trabecular thickness Trabecular spacing Trabecular number 
NewTom 
5G 
Accuitomo 
170 
NewTom 
5G 
Accuitomo 
170 
NewTom 
5G 
Accuitomo 
170 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
1  * * * *  - * * *  - * * *  - - * *  * * * *  - - * * 
2 *  * * * -  - * * -  - * * -  - - * *  - * * -  - * * 
3 * *  - - * -  * * * -  - - - -  - * * -  - - - -  - - 
4 * * -  - * * *  - * * -  - * - -  - * * -  - * * -  - 
5 * * - -  * * * -  * * - -  * * * -  * * - -  * * - -  
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Table 3. The mean and standard deviations (sd) of the trabecular microstructural parameters 
measured at different object location in the field of views (FOV) of CBCT systems. 
 
CBCT 
system 
Object 
location 
Tb.Th Tb.Sp Tb.N BV/TV 
mean sd mean sd mean sd Mean sd 
 
 
 
NewTom 5G 
Center 9.87 0.62 14.47 0.82 0.32 0.03 31.69 0.98 
Left 10.48 0.85 18.59 1.66 0.29 0.03 29.63 1.56 
Right 10.45 0.87 18.02 1.85 0.28 0.03 27.59 1.70 
Anterior 10.72 0.86 18.24 1.69 0.29 0.02 30.67 0.64 
Posterior 10.23 0.69 17.40 1.51 0.26 0.03 25.94 1.05 
 
 
Accuitomo 
170 
Center 7.62 0.66 15.59 1.51 0.39 0.08 23.52 3.48 
Left 7.78 0.82 15.11 0.78 0.32 0.05 21.71 2.04 
Right 8.15 0.93 14.32 0.92 0.37 0.05 24.61 2.75 
Anterior 8.10 0.80 14.09 0.94 0.35 0.05 26.93 2.75 
Posterior 8.27 0.79 14.99 0.84 0.34 0.06 25.51 3.09 
The trabecular microstructural parameters: Tb.Th, trabecular thickness; Tb.Sp, trabecular 
spacing; Tb.N, trabecular number; BV/TV, bone volume density. 
 
 
Table 4. Correlation coefficients and p (bracketed values) of the trabecular bone 
microstructural parameters. 
 
CBCT 
Systems 
Parameters Tb.Sp Tb.N BV/TV 
 
NewTom 
Tb.Th 0.93 (0.001)* -0.89 (0.001)* -0.19 (0.354) 
Tb.Sp  -0.88 (0.001)* -0.38 (0.061) 
Tb.N   0.59 (0.002)* 
 
Accuitomo 
Tb.Th 0.58 (0.002)* -0.71 (0.001)* -0.55 (0.793) 
Tb.Sp  -0.78 (0.001)* -0.67 (0.001)* 
Tb.N   0.57 (0.003)* 
The trabecular bone microstructural parameters: Tb.Th, trabecular thickness; Tb.Sp, 
trabecular spacing; Tb.N, trabecular number; BV/TV, bone volume density. 
*Correlation is significant at the 0.01 level. 
 
 
 
 
94 
 
References: 
1. Fanuscu MI, Chang TL. Three-dimensional morphometric analysis of human cadaver 
bone: microstructural data from maxilla and mandible. Clin Oral Implants Res 2004; 
15: 213-218. 
2. Manske SL, Macdonald HM, Nishiyama KK, Boyd SK, McKay HA. Clinical Tools to 
Evaluate Bone Strength. Clin Rev Bone Miner Metab 2010; 8:122–134. 
3. Minkin C, Marinho VC. Role of the osteoclast at the bone-implant interface. Adv Dent 
Res 1999; 13: 49-56. 
4. Sakka S, Coulthard P. Bone quality: a reality for the process of osseointegration. 
Implant Dent 2009; 18: 480-485. 
5. Ibrahim N, Parsa A, Hassan B, van der Stelt P, Wismeijer D. Diagnostic imaging of 
trabecular bone microstructure for oral implants: a literature review. Dentomaxillofac 
Radiol 2013; 42: 20120075, 1-5. 
6. Bryant JA, Drage N, Richmond S.  Study of the scan uniformity from an i-CAT cone 
beam computed tomography dental imaging system. Dentomaxillofacial Radiol 2008; 
37: 365–374. 
7. Nackaerts O, Maes F, Yan H, Couto Souza P, Pauwels R, Jacobs R. Analysis of 
intensity variability in multislice and cone beam computed tomography. Clin Oral 
Implants Res 2011; 22: 873-879. 
8. Parsa A, Ibrahim N, Hassan B, Motroni A, van der Stelt P, Wismeijer D. Influence of 
cone beam CT scanning parameters on grey value measurements at an implant site. 
Dentomaxillofac Radiol 2013; 42: 79884780, 1-7.  
9. Maes F, Collignon A, Vandermeulen D, Marchal G, Suetens P. Multimodality image 
registration by maximization of mutual information. IEEE Trans Med Imaging 1997; 
16: 187–198. 
10. Rinkel J, Gerfault L, Este`ve F, Dinten J-M. A new method for x-ray scatter 
correction: first assessment on a cone-beam CT experimental setup. Phys Med and 
Biol 2007; 52: 4633–4652. 
11. Cann CE.  Quantitative CT for determination of bone mineral density: a review. 
Radiology 1988; 166: 509–522. 
12. Draenert FG, Coppenrath E, Herzog P, Muller S, Mueller-Lisse UG. Beam hardening 
artefacts occur in dental implant scans with the NewTom cone beam CT but not with 
the dental 4-row multidetector CT. Dentomaxillofac Radiol 2007; 36: 198–203. 
95 
 
13. Nithiananthan S, Schafer S, Uneri A, Mirota DJ, Stayman JW, Zbijewski W, et al. 
Demons deformable registration of CT and cone-beam CT using an iterative intensity 
matching approach. Med Phys 2011; 38: 1785-1798. 
14. Tsutsumi K, Chikui T, Okamura K, Yoshiura K. Accuracy of linear measurement and 
the measurement limits of thin objects with cone beam computed tomography: effects 
of measurement directions and of phantom locations in the fields of view. Int J Oral 
Maxillofac Implants 2011; 26: 91-100. 
15. Lascala CA, Panella J, Marques MM. Analysis of the accuracy of linear 
measurements obtained by cone beam computed tomography (CBCT-NewTom). 
Dentomaxillofac Radiol 2004; 33: 291-294. 
16. Yu JJ, Kim GT, Choi YS, Hwang EH, Paek J, Kim SH, et al. Accuracy of a cone 
beam computed tomography-guided surgical stent for orthodontic mini-implant 
placement. Angle Orthod 2012; 82: 275-283. 
17. Ibrahim N, Parsa A, Hassan B, van der Stelt P, Aartman IH, Wismeijer D. Accuracy 
of trabecular bone microstructural measurement at planned dental implant sites using 
cone-beam CT datasets. Clin Oral Implants Res 2013. doi: 10.1111/clr.12163.  
18. Choël L, Last D, Duboeuf F, Seurin MJ, Lissac M, Briguet A, et al. Trabecular 
alveolar bone microarchitecture in the human mandible using high resolution 
magnetic resonance imaging. Dentomaxillofac Radiol 2004; 33: 177-182. 
19. Hassan B, Couto Souza P, Jacobs R, de Azambuja Berti S, van der Stelt P. Influence 
of scanning and reconstruction parameters on quality of three-dimensional surface 
models of the dental arches from cone beam computed tomography. Clin Oral 
Investig. 2010; 14: 303–310. 
20. Tjong W, Kazakia GJ, Burghardt AJ, Majumdar S. The effect of voxel size on high-
resolution peripheral computed tomography measurements of trabecular and cortical 
bone microstructure. Med Phys 2012; 39: 1893-1903. 
21. Klink T, Regier M, van Stevendaal U, Grass M, Adam G, Begemann P. Accelerating 
image acquisition in 64-MDCT: the influence of scan parameters on image resolution 
and quality in a phantom study. Clin Imaging 2012; 36: 334-344.  
22. Bechara B, McMahan CA, Moore WS, Noujeim M, Geha H, Teixeira FB. Contrast-
to-noise ratio difference in small field of view cone beam computed tomography 
machines. J Oral Sci 2012; 54: 227-232.  
23. Vandenberghe B, Luchsinger S, Hostens J, Dhoore E, Jacobs R, SEDENTEXCT 
Project Consortium. The influence of exposure parameters on jawbone model 
96 
 
accuracy using cone beam CT and multislice CT. Dentomaxillofac Radiol 2012; 
41:466-474.  
24. Librizzi ZT, Tadinada AS, Valiyaparambil JV, Lurie AG, Mallya SM. Cone-beam 
computed tomography to detect erosions of the temporomandibular joint:  Effect of 
field of view and voxel size on diagnostic efficacy and effective dose. Am J Orthod 
Dentofacial Orthop 2011; 140: e25-30. 
25. Hunter AK, McDavid WD. Characterization and correction of cupping effect artefacts 
in cone beam CT. Dentomaxillofac Radiol 2012; 41: 217-223.  
26. Schulze R, Heil U, Gross D, Bruellmann DD, Dranischnikow E, Schwanecke U, et al. 
Artefacts in CBCT: a review. Dentomaxillofac Radiol 2011; 40: 265–273. 
27. Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, Müller R. 
Guidelines for assessment of bone microstructure in rodents using micro-computed 
tomography. J Bone Miner Res 2010; 25:1 468-1486. 
28. Ibrahim N, Parsa A, Hassan B, van der Stelt P, Aartman IHA, Wismeijer D. The 
effect of scan parameters on come beam CT trabecular bone microstructural 
measurements of the human mandible. Dentomaxillofac Radiol 2013; 42: 20130206. 
29. Wirth AJ, Müller R, van Lenthe GH. The discrete nature of trabecular bone 
microarchitecture affects implant stability. J Biomech 2012; 45: 1060-1067.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
97 
 
 
 
Chapter 6 
 
CBCT assessments of trabecular 
bone microstructure at different 
mandibular regions. 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is based on:  
Ibrahim N, Parsa A, Hassan B, van der Stelt P, Nambiar P, Aartman IHA. Cone 
beam CT and micro CT assessments of trabecular bone microstructure of the 
edentulous anterior and posterior human mandible. [In submission]. 
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Summary 
  
 Objective: The aim of this study was to compare the microstructure of the 
 trabecular bone of the edentulous anterior and posterior human mandible using cone-
 beam CT (CBCT) and micro CT (µCT).  
 Materials and methods: Twenty volumes of interests (VOIs) consisting of six 
 anterior and fourteen posterior regions were obtained from sixteen human  mandibular 
cadavers. A  CBCT system with a resolution of 80µm (3D Accuitomo 170, J. Morita, 
Kyoto, Japan) and a µCT system with a resolution of 35µm (SkyScan 1173, Kontich, 
Belgium) were used to scan the mandibles. Three structural parameters (trabecular 
number, Tb.N; trabecular thickness, Tb.Th; and trabecular  separation, Tb.Sp) were 
analysed using CTAn software (v 1.11, SkyScan, Kontich,  Belgium). 
Results: The independent sample t-test showed a significant difference for Tb.Th 
 (p=0.023) between anterior and posterior edentulous regions by µCT but not for 
CBCT  (p=0.092). There was no difference in Tb.N (p=0.580 for µCT and p=0.835 
for CBCT) and Tb.Sp (p=0.381 for µCT and p=0.845 for CBCT) between the anterior 
and posterior regions. In the anterior region, the Pearson correlation was only 
significant between Tb.N and Tb.Sp (r= -0.874, p=0.023) for CBCT. In the posterior 
region, all correlations were significant for CBCT (r>0.678, p< 0.008) but was only 
significant between Tb.N and Tb.Sp for µCT (r= -0.845, p=0.001). 
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 Conclusions: The CBCT measurements of the trabecular structural parameters in  the 
 anterior and in the posterior edentulous mandible in general are comparable to those 
 obtained with µCT.  
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Introduction 
 
The success of implant treatment can be favorably improved by performing a presurgical 
radiographic assessment.
1
 In dentistry, cone-beam CT (CBCT) is used to evaluate the bone 
status (bone geometry and bone density)
2
 due to its advantages in comparison with other 3D 
imaging modalities.
3
 Along with the advancement of the scanning resolution of CBCT, 
studies on trabecular bone microstructure using CBCT became recently available in the 
literature.
4,5
 The structural assessment is important because the trabecular microstructure is 
one of the determinants for primary implant stability,
6
 bone healing, the osseointegration 
process
7
 and bone strength.
8
 All these factors together determine the fate of the implant.
6-8
 
Hence, CBCT applications should be extended to also include the microstructural bone 
assessment in order to predict the success of dental implants.
4 
 
A denser bone is always favorable for a higher implant success.
9
 Human mandibular bone 
demonstrates a denser bone trabeculation at the anterior region in comparison to the posterior 
region.
10
 Although it has been reported that bone density and trabecular microstructure do not 
always correlate to each other,
11,12,13
 most dental implant studies are still limited to the 
assessment of bone density.
9,10
 Previous micro CT (µCT) studies showed that a large 
variation of the structural measurements exists according to the site and the density of the 
samples.
14,15
   Because of the limitations of µCT in clinical situations,12 the assessment of 
trabecular microstructures at dental implant sites should be conducted using imaging 
modalities that can be applied in vivo. In this context the use of high resolution CBCT 
appears promising.
3
    
 
The accuracy of CBCT
4
 and the influence of the scanning parameters on the assessment of 
the microstructure of trabecular bone have been explored.
16,17
 However, the assessment of the 
differences of the microstructure at different sites in the edentulous mandible has not been 
investigated thoroughly.  Therefore, the aim of this study was to assess the difference in 
trabecular bone microstructure of edentulous areas of human mandibles between the anterior 
and the posterior regions using CBCT and µCT. The second aim was to compare the two 
systems with regard to the difference between the anterior and posterior region. Finally the 
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relation between the structural parameters was assessed within the different regions in each 
system. 
 
Material and methods 
 
Sixteen human mandibular cadavers were obtained from the Department of Functional 
Anatomy, Academic Center for Dentistry Amsterdam, and approved for research purposes. 
The mandibles were scanned using a CBCT system with a resolution of 80µm (3D 
Accuitomo 170, J. Morita, Kyoto, Japan). The selected scan protocol consisted of a 4cm x 
4cm FOV using a high resolution scan mode and a full rotation (360º).  The images were 
acquired at 90kv and 5.0mA. Subsequently a µCT system with a resolution of 35µm 
(SkyScan 1173, Kontich, Belgium) was used to scan the mandibles. The mandibles were 
secured in a cylindrical shape of Styrofoam and mounted into the holder for the µCT 
scanning. The µCT images were acquired at 130kVp and 61mA. The images from both 
systems were exported as DICOM 3 files and imported into image analysis software (Amira 
v4.1, Visage Imaging Inc., Carlsbad, CA). Of fourteen mandibles, volumes of interests 
(VOIs) were obtained from the posterior site; and of six mandibles, VOIs were obtained from 
the anterior site. Thus, of only four mandibles both sites were obtained.  In total, twenty 
volumes of interests (VOIs) were compared. To select the exact volume of interest (VOI) of 
both datasets, we performed image registration and segmentation according to the method 
described by Ibrahim et al.
 4
 (Figure 1).
 
 The VOIs were then imported into image analysis 
software CTAn (v 1.11, SkyScan, Kontich, Belgium) as 16-bit images (65536 gray values) 
for structural analysis. Then, a second process of matching and comparing the VOI of both 
datasets was performed according to the method described in a previous study
4
 (Figure 2). An 
automated thresholding method was used to binarize the datasets before measuring the 
structural parameters. The observed structural parameters were trabecular number (Tb.N), 
trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp).   
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Figure 1.  An edentulous mandible (a) was scanned using CBCT and µCT. The datasets were 
registered and segmented to select the volume of interest (VOI) for the anterior (b) and the 
posterior (c) region in Amira v4.2.1 software (Visage Imaging Inc., Carlsbad, CA).  
 
 
Figure 2.  The volume of interest (VOI) of CBCT (a) and µCT (b) datasets was matched and 
compared in CTAn v. 1.11 software (SkyScan, Kontich, Belgium) prior to structural analysis.  
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Statistical analysis 
 
Data were analyzed using SPSS (v20.0, SPSS Inc., Chicago, Illinois). The independent 
sample t-test was used to assess the difference between anterior (n=6) and posterior (n=14) 
microstructural measurements by CBCT and µCT. Paired t-tests were used to assess the 
difference between CBCT and µCT measurements obtained from both regions. General linear 
models analysis was used to assess the interaction effect between region and system. The 
linear relation between the structural parameters measured at both regions within and 
between different systems was assessed using the Pearson correlation coefficient (r). The 
level of significance was set at p=0.05. 
 
Results 
 
Table 1 shows the descriptive statistics and test results of the trabecular bone microstructures 
measured at different mandibular regions (anterior and posterior) using CBCT and µCT. With 
the exception of Tb.Th (p=0.023) measured by µCT, the difference between anterior and 
posterior regional parameters (Tb.N, p > 0.580 and Tb.Sp, p> 0.381) was not significant in 
both systems. Furthermore, there was a significant difference in all parameters (p< 0.021), 
except for Tb.Sp (p=0.180), when comparing CBCT with µCT. At both regions, Tb.N was 
lower while Tb.Sp and Tb.Th were higher in CBCT compared to µCT. General linear models 
analysis showed that there was no interaction effect between region and system for the three 
parameters. 
 
Table 2 illustrates the Pearson correlation coefficients between the trabecular microstructure 
parameters within each region and system. Strong and statistically significant correlations 
were mostly observed between different parameters in the posterior region in both systems. 
Tb.N was only correlated with Tb.Sp (r=-0.874, p=0.023) in the anterior region when 
measured using CBCT. However, for the posterior region, moderate to strong correlations 
were observed between Tb.N and Tb.Th (r=0.678, p=0.008), between Tb.N and Tb.Sp (r=-
0.910, p=0.001) and between Tb.Th and Tb.Sp (r=-0.715, p=0.004) in CBCT. For µCT, the 
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correlations between all parameters were not significant in the anterior region. However, a 
significant correlation was observed between Tb.N and Tb.Sp (r=-0.845, p= 0.001) in the 
posterior region. 
 
Table 1. The mean and standard deviation (SD) of the trabecular parameters measured in the 
anterior and the posterior region of the mandible by CBCT and µCT. The difference between 
measurements was tested using independent sample t-test between regions and the paired t-
test was used to test the difference between systems. 
 
Parameters Sites N CBCT µCT Paired t-test 
Mean SD Independent 
t-test 
Mean SD Independent 
t-test 
t df p 
Tb.N Ant 6 5.91 1.67  
0.835 
7.96 2.50  
0.580 
3.46 5 0.018 
Post 14 5.60 3.33 6.95 4.03 4.21 13 0.001 
Tb.Th Ant 6 7.19 1.78  
0.092 
4.84 0.78  
0.023 
-4.73 5 0.005 
Post 4 5.63 1.81 3.64 1.07 -4.90 13 0.001 
Tb.Sp Ant 6 9.47 2.68  
0.845 
7.39 1.51  
0.381 
-3.33 5 0.021 
Post 14 9.81 3.71 9.07 4.42 -1.42 13 0.180 
The trabecular microstructural parameters: Tb.N, trabecular number; Tb.Th, trabecular 
thickness; Tb.Sp, trabecular spacing. 
The sites: Ant, anterior; Post, posterior. 
 
 
Table 2. Pearson correlation coefficients between the trabecular microstructural parameters 
of anterior and posterior mandibular regions for CBCT and µCT. 
 
System 
 
Parameter 
Tb.N Tb.Th 
Anterior Posterior Anterior Posterior 
r p r p r p r p 
 
CBCT 
Tb.Th 0.303 0.506 0.678 0.008     
Tb.Sp -0.874 0.023 -0.910 0.001 0.418 0.409 -0.715  0.004 
 
µCT 
Tb.Th 0.059 0.911 0.437 0.118     
Tb.Sp -0.717 0.109 -0.845 0.001 0.740 0.890 -0.101 0.730 
The trabecular microstructural parameters: Tb.N, trabecular number; Tb.Th, trabecular 
thickness; Tb.Sp, trabecular spacing. 
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Discussion 
 
Trabecular microstructure is one of the important determinants for bone quality. The latest 
CBCT generation offers high scanning resolution (80µm) which is adequate for trabecular 
microstructural evaluation.
3,14
 Before this approach can be applied to clinical evaluation, the 
accuracy of CBCT measurements should be validated by comparing it to a reference modality 
(e.g. microCT).
4,18
 There are several studies about the use of CBCT for microstructural bone 
evaluation. Most studies, however, are constrained to the technical influence of various 
scanning parameters.
 5,16,17
 To our knowledge, this is the first study about the effect of 
different mandibular regions (anterior and posterior) on the assessment of microstructural 
bone parameters using CBCT. Knowledge about the regional variations may help in 
predicting the success of implant treatment at human mandible.  
 
Trabecular bone microstructure varies according to the mandibular region.
19
 Similar to µCT
13
 
and histomorphometric
20
 studies,
 
the current study demonstrated
 
that the microstructures had 
larger values in the anterior than in the posterior region of the mandible (Table 1). However, 
unlike other higher resolution studies,
13,20
 the difference between anterior and posterior 
region is only significant for Tb.Th when measured using µCT (Tb.N p= 0.023). This might 
be due to the low density
11,14 of the cadaveric specimens
13
 as well as the differences in the 
scanning protocols
16
 and the system’s technology used in this study.21  The automated 
thresholding method applied to both imaging modalities might also affect our results, because 
thresholding is heavily influenced by the grey value distributions.
22,23
 The parameters at 
different density regions might be over- and under-estimated resulting in unfavorable 
differences in both systems.  Although strong correlations were mainly shown for the 
posterior regions (n=14), it is assumed that the anterior parameters (n=6) might also be well 
correlated when a larger sample size was employed. 
 
Microstructural evaluation is highly dependent on the image resolution. 
24,25
 Thus, a 
resolution of 80µm (CBCT) and 35µm (micro CT) was used in this study. In general, both 
systems could not depict the structural differences in the compared regions. This 
phenomenon was also reported when using µCT for assessing different bone density 
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microstructures in normal and osteoporotic bone. The differences became smaller and non 
significant as the voxel size increased from 12µm to 110µm.14 Therefore, while a voxel size 
smaller than 100μm is recommended for microstructural evaluation,13,14 the resolution for an 
accurate analysis is still dependent on the regional bone density.
 
 
 
Previous microstructural studies evaluated the differences between anatomical regions in 
various species.
26
 However, the optimum resolution is dependent on the origin of the 
structures.
15,26
 Hence, a specific CBCT voxel size should be identified according to the 
trabecular bone density for various maxillofacial regions.  Similar to the previous studies,
4,5
 
CBCT provided lower Tb.N and higher Tb.Sp and Tb.Th values than µCT. Both systems also 
showed significant differences when measuring Tb.N and Tb.Th (p<0.021), except for Tb.Sp 
(p=0.180) measured in the posterior region. The discrepancies might be due to the higher 
measurement error
11, 14
 and the inadequate resolution to depict the structural differences in the 
low density specimens.
14
 In parallel with our previous study,
4
 the difference between CBCT 
and µCT microstructural measurement was very convincing. However, the correlation among 
the parameters was not as previously reported (Table 2). This might be due to the disparity of 
complex trabecular configurations at different regions. Also, each bone specimen may exhibit 
a different trabecular pattern regardless of density as described by Gomez et al.
12
 Recently, 
the accuracy of CBCT microstructural measurements has been validated.
4
 Therefore, the role 
of microstructural parameters on dental implant success should be considered as part of the 
prognosis of implant success. 
 
Conclusion 
 
This study suggests that CBCT can be used to assess structural bone parameters in the 
anterior and posterior mandibular region. However, the results will vary according to age, 
gender, dentition and the presence of systemic and metabolic bone diseases in the observed 
samples. The measurements can be further improved by using specimens with a higher and 
homogenous bone density. Subsequently, the implant treatment prognosis can be improved 
by developing a guideline for the microstructural assessment of different prospective implant 
regions. 
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Discussion 
 
CBCT was introduced in dentistry in the late 90’s. The clinical applications of CBCT have 
swiftly evolved in various disciplines in dentistry ranging from three dimensional (3D) 
diagnosis
1 
and treatment planning for implant guided surgery
2
 to the detection of periapical 
pathosis in endodontically involved teeth.
3
 The rapid scanning procedure and reduced data 
processing time (i.e. relatively shorter than other CT systems) and the wide accessibility are 
among the reasons for the increasing popularity of CBCT.
4
  
 
CBCT is frequently used for the assessment of bone quality prior to implant planning. In 
addition to linear bone measurements and density analysis, trabecular microstructure is an 
important aspect that should be considered when assessing bone quality.
5
 The current thesis 
presents the potential and limitations of applying dental CBCT for the microstructural 
assessment of trabecular bone. Although challenged by the inherent limitations of the system, 
the accuracy of microstructural measurements of trabecular bone by means of CBCT was 
successfully assessed in our studies. We also observed the effect of scanning parameters such 
as the size of the FOV, the voxel size and the number of rotation steps on density and 
structural assessments. The effect of the anatomical site and the location of the object being 
scanned in the FOV have also been observed in order to assess the reliability of trabecular 
measurements derived from CBCT systems.  
 
Current CBCT applications, future trends and its challenge in assessing trabecular bone 
quality in implant dentistry are reviewed in Chapter 1. Bone quality assessment is insufficient 
if merely restricted to bone density.
5,6 
The trabecular microstructure is amongst the key 
factors for the success of dental implant treatment. This is because of its essential role in the 
bone healing and osseointegration process.
7
 Most dental implant studies reported the 
correlation between trabecular bone density and implant success.
8,9
 The assessment of 
trabecular microstructures, however, is limited to micro CT (µCT) studies.
10,11
 Accordingly, 
Chapter 1 reviews the imaging techniques used in dental studies for the assessment of the 
trabecular microstructure as evidenced in the literature. 
 
Several challenges are involved in assessing trabecular microstructure.
 
In-vivo evaluation of 
the 3D anisotropic trabecular structure was previously recommended for the accurate 
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measurement of trabecular microstructures. 
5,12
 However, the application of in vivo high 
resolution imaging modalities in dentistry  is largely limited due to its excessive radiation 
exposure to the patient (MDCT, HR-pQCT), complex image analysis (hr-MRI), restricted 
accessibility (MDCT, hr MRI) and limited scanning sites (HR-pQCT, µCT). Alternatively, 
when advanced and high resolution imaging modalities are unavailable, trabecular 
microstructure could be measured by means of the 2D fractal dimension (FD) method. 
However, this technique also involves several complex steps.
13
 Therefore, Chapter 1 presents 
the potential of CBCT as an accurate, efficient and noninvasive 3D diagnostic tool for the in 
vivo assessment of trabecular bone microstructure at prospective implant regions. The 
conclusion of Chapter 1, therefore, illustrates a new dimension of the application of CBCT 
for the assessment of trabecular bone microstructures in the dental field. 
 
Few reports merely hinted at the application of CBCT in assessing the trabecular 
microstructure.
14,15 
However, at the time this thesis work was carried out no studies could be 
identified regarding the applicability and constraints of CBCT in assessing trabecular 
microstructure at implant receptor sites. The current thesis presents the feasibility of 
assessing trabecular microstructure based on direct visual observation and computer analysis 
of trabecular microstructural parameters on CBCT (80µm), MSCT (650µm) and µCT 
(35µm).  In Chapter 2, the applicability of CBCT in measuring trabecular microstructures 
was investigated by quantitatively comparing the outcomes of structural parameters obtained 
from CBCT (80µm) with those of µCT (35µm). Twenty four human cadavers were used to 
accurately demonstrate the actual human mandibular bone structures. Bouxsein et al. reported 
that the image acquisition, the image processing and the analysis procedure  may compromise 
the accuracy of microstructural measurements.
16
 The concerns include the 3D registration of 
the images obtained from the systems to be compared, the amount of assessed bone and the 
threshold selection. Due to the lack of CBCT studies on assessing bone microstructure at the 
time when this study was conducted, a novel method was devised following the HR pQCT 
and µCT guidelines.
16
  
 
The prime objective in Chapter 2 was to validate the accuracy of trabecular bone 
measurements derived from CBCT system. It has been emphasized that the use of a 
correlation coefficient test is not the appropriate method to compare measurements obtained 
from two systems particularly when introducing a new system to replace the gold standard 
modality.
17
 This is because correlation test only reflects the strength of the relation (negative 
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or positive) between the two measurements but does not demonstrate the magnitude of the 
actual differences between them.
18
 The issue of the misleading data interpretation, has been 
discussed thoroughly in medical studies.
17-19
 Hence, the Bland and Altman test was used to 
assess the agreement of CBCT with the reference modality, i.e. µCT, before suggesting 
CBCT as a new imaging tool for presurgical microstructural bone assessments. If both 
systems are perfectly in agreement, all outcomes of the Bland and Altman test will be plotted 
on the line at 0. The results of our study show that the agreement of both systems in 
measuring the trabecular structure is very close to 0 and the difference is the smallest
17
 for 
Tb.N followed by Tb.Th and Tb.Sp. These values justify the accuracy of CBCT trabecular 
structural measurements in comparison to µCT measurements. However, the current study 
was using ideal subjects without artifacts caused by patient movement or restoration 
materials. Thus, it can be expected that the accuracy might be lower and less favorable for in 
vivo studies.
6,16,20
  
 
A combined assessment of bone density and trabecular microstructure is recommended to 
improve the estimation of bone strength.
5,21
 Thus, Chapter 3 evaluated the accuracy of CBCT 
in measuring bone density and bone volume fraction (bone volume relative to total volume; 
BV/TV) by comparing the two parameters with the reference modalities, i.e. MSCT for the 
bone density and µCT for BV/TV. Our study demonstrated the accuracy of CBCT for BV/TV 
measurements. It is essential to perform an accuracy analysis when proposing a new imaging 
tool.
17-19
 However, in most studies the CBCT density measurements expressed in grey values 
were correlated to reference HU values (gold standard)
23,24
 but the accuracy of this 
comparison to the gold standard modality was rarely explored. Similar to a previous study,
24
 
we observed a strong correlation for trabecular bone density that measured between CBCT 
and MSCT, but the accuracy was unfavorable. Additionally, the differences in scanning 
parameters such as different voxel sizes
25
 and the size of FOVs
26 
might be part of the factors 
influencing the results. Therefore, further investigations regarding these factors were 
performed and discussed in the next chapters.  
 
The influence of CBCT scan parameters on image quality and the accuracy of bone density
27
 
and linear measurements
26
 has been widely studied in the literature. Therefore, the effect of 
CBCT scanning parameters on trabecular bone microstructure measurements was exclusively 
evaluated in Chapter 4. The factors that may compromise the measurements such as the 
number of rotation steps producing the basis projections, the resolution of the system and the 
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voxel sizes in different FOVs were evaluated. Generally, a high resolution scan is chosen 
aiming at a better image quality and consequently improving the measurement accuracy.
28
 A 
high resolution mode can be achieved by selecting a high FOV’s resolution mode29 and 
acquiring more basis projections (from 180º to 360º rotation steps).
30
 However, this requires a 
longer scanning time in which the patient dose and the chance for patient motion induced 
artifacts increase.
29, 31 
The comparison of the effect of CBCT image resolution was usually 
based on the voxel size and the FOV.
28,32
 Therefore, we investigated the measurements’ 
variations using two ‘resolution modes’ set by the manufacturer for different FOVs with no 
voxel size alterations. Interestingly our current study demonstrated that there was no 
difference in the trabecular microstructure measurements obtained with standard and with 
high resolution mode. In parallel to a previous study,
30
 the measurements showed no 
significant difference between the two rotation step settings. This outcome is helpful to 
determine a scanning protocol to reduce the exposure dose, the number of images to be stored 
and the time for image reconstruction plus reducing patient movement related artifacts. Our 
results show that a larger number of basis projections does not necessarily result in a better 
image quality.  Therefore, the concepts of obtaining a high resolution CBCT image for an 
accurate analysis of trabecular bone assessment should be reconsidered in view of the current 
findings. 
 
Chapter 4 demonstrates that the trabecular bone microstructure measurements were 
significantly different for different FOVs. By increasing the size of the FOV (increasing the 
voxel size), the trabecular number increased while trabecular thickness and spacing 
decreased. These results were not in accordance with the results obtained in Chapter 2 and in 
µCT studies
33,34  
but similar to a study conducted using HR pQCT.
35
 This discrepancy could 
perhaps be explained due to the higher contrast to noise ratio (CNR) at increased voxel size
29 
(80µm to 250µm). However, the trabecular measurements might also have been 
overestimated due to the large voxel sizes (>100µm)34 in the larger FOVs, i.e. far beyond the 
trabecular dimensions. The current results cannot be compared with other studies due to the 
differences in the software, the system types, the scanning protocols and the reconstruction 
process.  
 
In Chapter 5, the influence of object locations in five different FOVs of two CBCT systems 
was observed. Similar to the findings in Chapter 4, trabecular microstructural bone 
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measurements were significantly affected by the size of FOVs in both CBCT systems. 
However, the effect of location of the scan objects
 is dependent on the system’s type. The 
increased scattered radiation at the central region of the FOVs causes inconsistencies of the 
gray values
36
 which sequentially may influence the measurements.
37
 Likewise, linear 
measurement deviations were also reported at the central regions.
38
 Furthermore, Nackaerts et 
al. demonstrated that the increased grey value at the FOV central region may compromise the 
CBCT density accuracy.
39
 Nevertheless, only the BV/TV in the NewTom 5G was 
significantly different when obtaining the measurements at different locations. In the clinical 
situation, the structural bone measurements may also be affected by truncation artifacts when 
selecting a small FOV to scan a mandible. These artifacts increase the gray value of the 
peripheral regions (i.e. near to the part of the object that is located outside the FOV).
40
 The 
smallest voxel size in the small CBCT FOVs is typically used to assess fine structures. 
26,41,42 
However, the present study might possibly change the current concept since the diagnostic 
accuracy of the image may be compromised when using a small FOV.  
 
Regional variations of the trabecular pattern have been described in histomorphometric
43 
and 
high resolution studies,
6,44
 but not yet in CBCT studies. Thus, Chapter 6 evaluates the 
trabecular network in the anterior and the posterior human mandibular region. The CBCT 
measurements were compared with µCT. Similar to the previous studies, we identified two 
factors that might have influenced our results i.e. the density of the cadaver specimens
6
 of 
edentulous mandibles
43 
and the system resolution
25
 (CBCT 80µm and µCT 35µm). It was 
also described that low density bone may exhibit a wide variation of structural 
measurements
45
 in regards to the thresholding technique imposed. In parallel with a µCT 
study,
25
 our result showed that the difference between both regions was not distinctive. 
Hence, a specific resolution should be applied when comparing different types of bone 
densities. Because the trabecular configuration is specific to species and regions,
 6,44
 an 
optimum resolution for CBCT structural assessment should be identified to improve the 
endosseous implant prognosis of various maxillofacial sites. 
 
This thesis is focused on the potential of CBCT for an accurate analysis of microstructural 
parameters of trabecular bone of the human mandible. When we initiated this research, the 
CBCT studies related to this theme were very rare. Thus, the methodology used was mainly 
based on similar studies using µCT. These studies were conducted within the limitations of 
the system and the computational technology that was available in our institution. Because 
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thresholding is determined by the overall grey value distribution, a specific thresholding 
method should be used for different values of bone density, scanning locations and voxel 
sizes.
38,39
 This should prevent the over- or under- estimation of the structural parameters 
observed in our studies. The structural evaluation of the bone when using a larger voxel size 
(>100µm) and a large FOV (>10x10cm) might introduce inconsistencies as the images are 
more pixelated than the images from the smaller FOVs.
16
 Throughout the analysis, we 
consistently experienced the effect of the scanning parameters on the structural assessments 
.
16,25
 Therefore, we conclude that the current methodology cannot be considered as a 
‘blueprint’ for the assessment of the microstructure of trabecular bone across different types 
of CBCT systems. However, the following recommendations might be useful in order to 
improve the methodology and to formulate a guideline for individual systems:  
 
- The measurements derived from all CBCT voxel sizes in different FOVs should be 
compared with that of µCT to evaluate the agreement in measuring the trabecular 
structures. More studies should be conducted to identify the best voxel size for each 
protocol of the systems under investigation.  
- An automated voxel based registration algorithm such as maximization of mutual 
information (MMI) is recommended when comparing two different datasets during 
the co-registration procedures of the ROIs. The method may help in reducing the 
effect of image resolution or the segmentation technique on the measurements and 
therefore improve the analysis accuracy.
46
 
- Future CBCT studies should be conducted using a voxel size of up to 100µm for the 
trabecular assessment of the human mandible in order to prevent wide variations 
(under or overestimation) of the structural parameters.
16
  
- The partial object effect (POE) and partial volume effect (PVE) on CBCT trabecular 
assessments should be observed in the FOVs that offer various scanning voxel sizes to 
ensure measurement accuracy. A larger sample size should be involved in order to 
develop a standard protocol for each FOV.  
- The relationship between the scanning voxel size and the reconstructing voxel size 
should also be investigated to understand the effects of these parameters on the 
assessment of bone structure with CBCT.  
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Throughout various and comprehensive analyses steps, the current thesis validates the 
application of CBCT for trabecular bone microstructural analysis. Through the advancement 
of analysis software and increasing computing power, the procedure is expected to be suitable 
for clinical evaluations. The overarching goal would be to develop a table to categorize the 
quality of trabecular bone microstructure thereby simplifying the assessment of trabecular 
microstructure in the clinical situation. This is only possible, however, when the structural 
trabecular bone quality is compared using similar clinical scanning settings. Then, the 
application of CBCT will further evolve from just evaluating the pre and post surgical 
trabecular bone status to observing the bone graft integration process, monitoring the effects 
of drug treatment and diagnosing bone diseases such as osteoporosis. These developments 
could be promising as CBCT offers a high resolution scanning procedure which is suitable 
for clinical use. More studies should be conducted which involve a larger sample size to 
determine the influence of scanning parameters, image artifacts and type of technology of 
various CBCT systems before a standard clinical protocol for structural bone analysis can be 
developed. 
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Summary and conclusions 
 
The primary aim of this thesis was to validate the applicability and accuracy of CBCT for the 
assessment of the microstructure of trabecular bone. Subsequently, the results of structural 
analysis of bone were analysed using various scanning protocols, in different regions of the 
mandible and for different locations of the object in the CBCT field of view (FOV). 
 
The essential role of the trabecular bone microstructure on the success of dental implant 
treatment is reviewed in Chapter 1. The imaging techniques for the assessment of trabecular 
microstructures are discussed based on their advantages and drawbacks in oral implant 
studies. The potential of CBCT in assessing the trabecular structure was visually investigated 
by comparing images derived from a CBCT system (80µm) with MSCT (650μm) and µCT 
(35µm). The outcome of this study showed the potential of CBCT in measuring trabecular 
microstructures in clinical practice.  
 
Chapter 2 describes a study in which 24 human mandibular cadavers were scanned using a 
CBCT system to simulate the clinical assessment of trabecular bone quality. A µCT system 
enabling the quantitative analysis of bone volume fraction, trabecular number, separation and 
thickness of the trabeculae was used as gold standard.  
 
The estimation of bone strength can be enhanced by combining the assessment of bone 
density and trabecular microstructure. Thus in Chapter 3, a MSCT system was used to assess 
the accuracy of CBCT in measuring bone density. A novel image processing method was 
carefully devised to compare the measurements obtained from both systems. The observer 
reliability and the image analysis method were validated to justify the research findings. The 
results confirmed the accuracy of CBCT trabecular structural measurements in comparison to 
µCT measurements. Although a strong correlation between CBCT and MSCT was observed 
for trabecular bone density, the accuracy of CBCT in comparison to MSCT was unfavorable. 
The accuracy of the CBCT measurements is discussed extensively in view of the system’s 
scanning factors in comparison with the µCT (Chapter 2) and MSCT technology (Chapter 
3). 
 
Chapter 4 highlights the scanning factors that could influence the CBCT structural 
measurements. For the purpose of this study, scanning protocols were set through a 
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combination of five different FOVs, two types of rotation steps (half and full) and scanning 
resolutions (standard and high). Datasets from the smallest FOV were used as reference 
model in order to observe the measurement variations that occur in different scanning 
protocols. The results showed that trabecular bone microstructure parameters are significantly 
influenced by the FOV regardless of the FOV’s resolution (standard or high) and rotation 
mode (180º or 360º). In response to these findings the scanning settings that can produce 
adequate image quality for trabecular structural analysis are presented and the benefits for 
patient and clinician are discussed.  
 
In addition to the scanning parameters (FOVs, rotation steps and resolution), the reliability of 
CBCT trabecular measurements at different locations in the x-ray beam are presented in 
Chapter 5. A block of bone was placed in four locations at the periphery (anterior, posterior, 
right and left) and in the central region in five different FOVs. The variations were observed 
by comparing the structural parameters measured at the peripheral regions to that of the 
central region of each FOV. Although the CBCT trabecular bone microstructural 
measurements are influenced by the size of FOVs, the variations are also subject to the type 
of the systems. Therefore, the results are discussed based on the type of the system and the 
artifacts that are inherent to the CBCT scanning technology.  
 
Chapter 6 evaluates the CBCT structural measurements of trabecular bone at different sites 
(anterior and posterior) of edentulous human mandibles. Sixteen human mandibular cadavers 
were scanned using a CBCT system and a µCT system. The result showed that the CBCT 
structural measurements of different mandibular regions are comparable to those obtained 
with µCT. Furthermore, the influence of the specimen’s density, the origin and the resolution 
of the compared systems on the structural analysis are discussed in this chapter.    
 
Finally, the discussion of the study results and recommendations for future research are 
presented in Chapter 7. The current thesis authenticates the applicability and accuracy of 
CBCT in assessing trabecular bone microstructures. More studies should be conducted in 
order to predict the effects of the factors described in this thesis in order to develop a standard 
clinical protocol for structural bone analysis using various CBCT systems. Eventually, the 
assessment will be simplified through the advancement in analysis software and computing 
technology. Then the clinical applications of CBCT will further evolve enabling the 
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observation of the bone graft integration process, the monitoring of treatment effects and the 
diagnosis of systemic and metabolic bone diseases.  
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Samenvatting en conclusies 
 
Het belangrijkste doel van dit promotieonderzoek was de validatie van het gebruik en de 
nauwkeurigheid van CBCT voor de beoordeling van de microstructuur van trabeculair bot. 
Daarvoor zijn de uitkomsten van analyses van de botstructuur onderzocht met gebruikmaking 
van verschillende scanprotocollen, in verschillende gebieden van de mandibula en voor 
verschillende locaties van het object in het CBCT volume (FOV).  
 
De belangrijke rol van de trabeculaire microstructuur van bot voor het succes van 
tandheelkundige implantaten wordt beoordeeld in Hoofdstuk 1. De afbeeldingstechnieken 
voor de beoordeling van de trabeculaire microstructuur worden besproken op grond van de 
voor- en nadelen zoals gepubliceerd in implantologie onderzoek. De mogelijkheden van 
CBCT voor het beoordelen van de trabeculaire microstructuur zijn onderzocht in een 
waarnemingsstudie door de beelden verkregen met een CBCT systeem (80µm) te vergelijken 
met die van MSCT (650μm) en µCT (35µm). De resultaten van deze studie toonden de 
mogelijkheden aan van CBCT voor het meten van de trabeculaire microstructuctuur in 
klinische omstandigheden.  
 
Hoofdstuk 2 beschrijft de resultaten van onderzoek aan 24 menselijke kaken welke werden 
gescand met een CBCT system om de klinische beoordeling van de kwaliteit van het 
trabeculaire bot te simuleren. Een µCT-system waarmee de botvolume-fractie, het aantal 
trabekels, de afstand tussen de trabekels en de dikte van de trabekels kon worden bepaald, 
diende als gouden standaard.  
De schatting van de sterkte van het bot kan worden verbeterd door het combineren van 
botdichtheid en beoordeling van de microstructuur van het bot. In Hoofdstuk 3 werd daarom 
een MSCT-systeem gebruikt om de nauwkeurigheid van CBCT voor het meten van 
botdichtheid te beoordelen. Er werd een nieuwe beeldbewerkingsmethode ontwikkeld om de 
metingen van beide systemen met elkaar te vergelijken. De betrouwbaarheid van de 
waarnemers en van de beeldbewerkingstechniek werden bepaald om de 
onderzoeksuitkomsten op waarde te schatten. De resultaten bevestigden de nauwkeurigheid 
van CBCT metingen van de trabeculaire microstructuur in vergelijking met μCT bepalingen. 
Alhoewel een sterke correlatie van de trabeculaire botdichtheid tussen CBCT en MSCT kon 
worden vastgesteld, was de nauwkeurigheid van CBCT in vergelijking met MSCT niet 
gunstig. De nauwkeurigheid van de CBCT-metingen wordt uitgebreid besproken op grond 
131 
 
van de opname-parameters in vergelijking met micro-CT (Hoofdstuk 2) en MSCT 
(Hoofdstuk 3).  
 
Hoofdstuk 4 presenteert de scan-parameters die mogelijk van invloed kunnen zijn op de 
CBCT-metingen van de botstructuur. Ten behoeve van dit onderzoek werden scan 
protocollen opgesteld door het combineren van vijf verschillende FOVs, twee rotatie-
instellingen (half en volledig) en twee scan resoluties (standard en high). De gegevens van 
het kleinste FOV werden gebruikt als referentie om de variaties in de metingen bij 
verschillende scan-protocollen te beoordelen. De resultaten toonden aan dat de waarden van 
de trabeculaire microstructuur significant worden beïnvloed door het FOV onafhankelijk van 
de resolutie van het FOV (standard of high) en rotatiemethode (180
o
 of 360
o
). Aan de hand 
van deze uitkomsten werden de scan-instellingen aangegeven welke een adequate 
beeldkwaliteit kunnen opleveren voor de analyse van de trabeculaire microstructuur en 
worden de voordelen voor patiënt en clinicus besproken. 
  
In aanvulling op de scan-parameters (FOV, aantal rotatiestappen en resolutie) worden in 
hoofdstuk 5 de uitkomsten besproken van CBCT botmetingen op verschillende plaatsen in 
de röntgenbundel. Een stuk bot werd op vier plaatsen perifeer (anterior, posterior, rechts en 
links) en in het centrum geplaatst in vijf verschillende FOV’s. De variatie werd bepaald door 
een vergelijking van de structuur-parameters zoals gemeten in de perifere gebieden met die in 
het centrum van elk van de FOV’s. Alhoewel de CBCT metingen van de botmicrostructuur 
worden beïnvloed door de afmeting van het FOV, zijn de variaties ook afhankelijk van het 
type CBCT.  Om deze reden worden de resultaten besproken in relatie tot het voor de 
opnamen gebruikte systeem en de artefacten die inherent zijn aan de CBCT opnametechniek.  
 
In Hoofdstuk 6 worden CBCT metingen van de structuur van trabeculair bot in verschillende 
gebieden (anterior en posterior) van edentate menselijke kaken geëvalueerd. Zestien 
menselijke kaken werden gescand met een CBCT-systeem en met een µCT-system. De 
resultaten toonden dat de CBCT structuurmetingen van verschillende gebieden in de 
mandibula vergelijkbaar zijn met die verkregen met μCT. Verder wordt de invloed van de 
dichtheid van het specimen, van het gebied in de kaak en van de resolutie van de vergeleken 
systemen op de metingen van de botstructuur besproken. 
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In hoofdstuk 7 tenslotte worden de resultaten van het onderzoek als geheel besproken en 
worden aanbevelingen gedaan voor toekomstig onderzoek. Het voorliggende proefschrift 
verifieert de toepasbaarheid van CBCT voor de beoordeling van de trabeculaire 
microstructuren. Er is meer onderzoek nodig om het effect te voorspellen van de factoren die 
in dit proefschrift zijn besproken, teneinde een standaard klinisch protocol te ontwikkelen for 
de analyse van de botstructuur met behulp van verschillende CBCT systemen. Uiteindelijk 
zal de beoordeling worden vereenvoudigd door de vooruitgang in de analyse-software en 
computertechnologie. Dan zullen de klinische toepassingen van CBCT zich verder 
ontwikkelen zodat het mogelijk is de integratie van het implantaat in het bot te volgen, het 
behandelresultaat te monitoren en systemische en metabole botafwijkingen te diagnosticeren.         
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